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ABSTRACT 
Faidherbia albida (DEL.) A. Chev. syn (Acacia albida DEL.) is widely 
distributed in Africa and parts of the Middle East. Its use in traditional 
agroforestry systems is well known and its potential in reforesting degraded 
lands is being evaluated in arid regions of many countries. Geographic 
pattern of variation of the species in Africa was studied to provide a basis for 
initiating a genetic improvement strategy. The influence of different 
environments on phenology and growth, and root morphology and size 
were studied to understand the growth patterns of the species. 
To test for the extent of genetic variation, twenty provenances were 
grown in a glasshouse and twenty-four traits assessed. There was strong 
evidence of genetic variation between provenances and to some extent, 
between families-within-provenances. Most of the traits showed a north to 
south trend, with south-east Africa provenances having high growth rates 
(in · terms of height, root collar diameter and dry weight production) 
whereas, north-west provenances had qualities of adaptive significance (in 
terms of late leaf senescence, large root to shoot and leaf to stem ratios). A 
few traits showed random variation. The patterns of variation were strongly 
related to the temperature of seed origin and the type of ecosystem in which 
the species grows naturally. 
There were strong negative relations between growth traits and those 
of adaptive significance. Canonical variate analysis showed that the 
provenances of F. albida from Africa could ~e grouped into three regions. 
The groups fall into upland ecosystem of north-west Africa, the riparian 
ecosystem of south-east Africa and the Sudan/Ethiopian highlands and 
adjacent Lodwar valley in Kenya (proposed centre of origin). 
Most of the traits had high heritability values which indicated that 
most of the variation was genetic in origin. Based on the observed variation, 
a breeding strategy which involves delineating provenances, collecting seed, 
setting up provenance trials and seed production areas was proposed. 
The effects of daylength and water stress on the phenology and 
growth habits of provenances from the three regions were examined. Long 
daylength and water stress caused defoliation to occur, with those from the 
Sudan/Ethiopian highlands defoliating the most, followed by those from 
the riparian ecosystem and lastly, by those from the upland ecosystem. 
Height and root collar diameter extension were significantly reduced in 
seedlings exposed to long daylength and water stress. The result showed that 
defoliation of F. albida trees is linked to daylength and moisture and that 
defoliation reduced growth rate. 
Provenances from the upland ecosystem had the largest root length to 
stem height ratio, showing that they invested more biomass in root 
extension than those from either the centre of origin or those from the 
riparian ecosystem. Upland sources also had high specific root length values 
which suggested high root activity. The observations showed that upland 
provenances were better adapted to survive in drought conditions than 
either those from the riparian ecosystems. 
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CHAPTERl 
Introduction to the study on 
F aidherbia albida 
1 
This chapter introduces the subject matter of the study. It highlights the 
issue of declining natural forest in Africa particularly in the fragile ecology of 
the savannas. The solutions to this problem are discussed. Particular attention 
is given to the planting of trees indigenous to Africa especially acacias and 
related genera. One of the species whose potential has been identified in many 
countries in Africa is Faidherbia albida (Del.) A. Chev. syn (Acacia albida Del). 
The principal reasons for the interest in this species lies in its versatility as a 
source of fodder, complementality in tree-crop-animal agroforestry systems 
and ability to fix nitrogen. To take full advantage of its many attributes, there is 
need to improve F. albida. The first step is to identify the patterns of genetic 
variation of the species throughout its natural range. This forms the basis of 
this study. The second step is to improve the silvicultural aspects of the species 
and, in this case, progress lies in our ability to understand the physiology 
behind summer defoliation and winter flushing of leaves - a unique and most 
important characteristic that makes F. albida so valuable in tree-crop-animal 
agroforestry systems practiced throughout Africa. 
1. Introduction 
1.1 The problem 
In recent years, many parts of Africa have been faced with dwindling 
natural forests. According to FAO (1981), nearly 0.44% of indigenous tree 
formations in west, east and southern Africa are cleared annually for 
fuelwood and for intensive grazing (Priers and Heermans 1992). Such a 
position is a result of overdependence of most of Africa's rural population on 
the natural forest resource for construction and home building timber, 
fuelwood and leaf fodder for grazing livestock. Since the turn of the century, 
building of railways, mining of minerals and construction of settlement 
infrastructure has led to an unprecedented use of timber causing further 
depletion of natural forest resources (Mwaura and Kamau 1991). To address 
the situation, many African countries invested in industrial plantations 
based mainly on exotic fast growing pines and eucalypts. This trend 
undoubtedly reduced the pressure on natural forests. The exotic trees 
provided a stop-gap measure giving the natural forest a chance to recover. 
Most industrial plantations are located on high quality sites in terms of 
climatic and edaphic conditions. The poorer sites, endowed with less 
productive forests, were neglected leaving natural regeneration to maintain 
the forest status. 
1.2 The solutions 
2 
Recently, efforts have been made to plant trees in marginal areas world-
wide and especially in the semi-arid regions of Africa. Many species including 
some of Australian origin have been tried throughout the arid regions of the 
world. Recurrent droughts and the ever present problem of termites have 
reduced the success of some of the reforestation projects. Another approach 
has been to conserve and manage natural forests utilising the resource on a 
sustained basis (Priers and Hermans 1991). Yet, not withstanding the 
theoretical interest in natural forest management, this approach has remained 
little more than a concept. Experiences in dry countries like Australia show 
that lesser-known native species can contribute significantly to reforestation in 
the marginal areas (Turnbull 1986; Boland and Turnbull 1989). Acacias which 
grow naturally in dry areas are the main species used. Such species normally 
pioneer degraded lands providing physical protection to the soil and other tree 
3 
species. The term, repair-kit species (Barnes 1990), has been used to describe 
such trees. 
1.3 The species 
Trees native to Africa identified as having potential 1n dry regions 
include Acacia tortilis, A. senegal, A. nilotica and Faidherbia albida (syn. A. 
albida) (Palmberg 1983). Organisations such as the International Development 
Research Centre of Canada (1979) and Centre Technique Forestier Tropical 
(1989) in collaboration with host countries in Africa promoted the planting of 
some native acacias. The Oxford Forestry Institute evaluated and collected 
germplasm of several African acacias (Fagg and Barnes 1990). The species that 
has received a lot of research attention by these and other research institutes is 
Faidherbia albida. It is planted regularly in some parts of Africa both inside and 
outside its natural zone. The versatility of F. albida enhances its economic 
importance, which is likely to increase as human and animal pressures 
demand more effective use of marginal lands. In the long term, a much wider 
and subtle use of the immense natural variation inherent in this species may 
be harnessed to improve nitrogen fixation, promote faster growth, provide 
good fodder, conserve soil and moisture and provide more products. 
1.4 Background to the study 
Interest in F. albida in countries outside of its natural range led to the 
transfer of seed from one region to another and even across continents (eg, 
Zimbabwe to India). Growth studies using other species with large latitudinal 
and ecological amplitudes have revealed different performance on different 
sites (Zobel and Talbert 1984). Knowledge of a species' environmental 
elasticity from records of performance in contrasting environments can be 
used to predict the potential growth of a species in a new area (Booth 1991). A 
wide and variable genetic base offers tree breeders a large amount of material 
from which to select and manipulate through breeding genotypes that suit 
particular environmental conditions. 
4 
Clearly, F. albida is an important species being considered for widespread 
use in Africa and elsewhere. To take full advantage of the species, knowledge 
of the genetic variation and physiological patterns of growth of the species is 
necessary. Because of the very variable environment under which species 
grow, it is equally important to understand the effects of different 
environmental conditions on growth behaviour, and one of the characteristics 
that can be studied is its phenology. F. albida displays an anomalous behaviour 
of shedding leaves in summer (hot and wet) and flushing in winter (warm 
and dry). This makes the species particularily suitable for agroforestry both in 
crop systems and as a source of fodder. 
It was the influence of the projects initiated by the organisations 
mentioned above, my involvement in seed collections of F. albida in 
Zimbabwe, and the ideas promulgated in this introduction that prompted the 
current study. The aim was to fill information gaps on the genetic variation, 
extend findings of other researchers and use this information to discuss 
future strategies for successful reforestation using F. albida. I foresee that the 
successful establishment and use of the species can be partly achieved by 
using good seed procured on basis of a more complete knowledge of genetic 
variation in terms of taxonomy and productivity. 
1.5 Aims of study 
Specifically the study aimed to determine: 
a) provenance and between-trees-within-a-provenance differences among 
twenty Faidherbia albida seed sources from Africa by comparative 
analysis of traits with adaptive significance and of direct or indirect 
economic importance 
b) the existence of associations between the observed traits and 
ecological factors such as latitude, altitude, mean annual rainfall, 
temperature, and number of dry months per year of the seed source 
c) phenotypic association between traits 
d) genetic control of selected traits 
e) the effects of water stress and photoperiod on growth of seedlings from 
the upland (north-west Africa) and riparian (south-east Africa) ecotypes 
to understand the physiological basis of the relation between summer 
defoliation, soil moisture status and photoperiod 
0 the adaptive significance of root morphology and size of seedlings from 
the upland and riparian ecosystems. 
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The thesis is divided into three parts. The first part introduces the 
species. The second major part extensively deals with patterns of variation in 
. . 
seedlings of twenty provenances of F. albida. Calculations of correlationships, 
multivariate analyses and estimation of heritability values are also included in 
this part. The last part deals with the effects of treatments on defoliation and 
growth patterns and the adaptive significance of root size and morphology. 
PARTI 
INTRODUCTION 
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CHAPTER2 
Description, distribution, silviculture and use of Faidherbia albida 
This chapter examines Faidherbia albida. Emphasis is placed on the 
taxonomic position of the species as this has been a source of confusion. The 
history, distribution and ecology of the species in Africa and parts of the 
Middle East are discussed. A detailed literature review on silvicultural aspects 
and use of the species is provided. 
2.1 Botanical description 
A description of the botanical features and growth habits of the species 
is given by Cutler (1969) and Wickens (1969). Briefly, the species is described as 
a tree up to 30 m tall, but sometimes shrub-like, trunk solitary with rounded 
crown and spreading branches. Sometimes the tree is multi-stemmed because 
of coppicing or root suckering. Juvenile trees have markedly zig-zagged 
branches whilst in older trees, only new shoots are zig-zagged. The bark is dull 
grey often ashen hence the specific name 'albida', latin for white (Fagg and 
Barnes 1990). The root system is dominated by the tap root (Alexandre and 
Ouedraogo 1992). 
Leaf, stipule and other characters used in the description and separation 
of F. albida from other African acacias are given in the next section on 
taxonomy. Table 2.1 summarises the characters. 
2.2 Taxonomy 
African acacias are subdivided into two groups based on whether the 
inflorescence is capitate and stipules spinescent (Gummiferae) or whether the 
inflorescence is spicate and the stipules not spinescent (Vulgares) (Baker 1930, 
cited in New 1984; Ross 1981). Robbertse (1974) and Ross (1975) discussed the 
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advantages of using these morphological characteristics in Acacia taxon 
differentiation. Taxonomic problems existed between these two groupings and 
there remained a need to assign some species to new genera. While most 
African acacias were accommodated by these groups, Acacia albida which 
shows a combination of characters of both groups was in a complicated 
taxonomic position. Recent taxonomic revisions have led the species to be 
renamed Faidherbia albida. 
The first description of the species was given by Delile in 1813 from a 
specimen collected in Egypt and he placed it in the Acacia genus (Brenan 1983). 
Initially the species was placed in the Gummiferae series (Bentham 1875; cited 
in Wickens 1969) because of its mode of germination, form and venation of 
the cotyledons, phyllotaxy and spinescence. As early as 1934, Chavelier (cited in 
Wickens 1969) suggested that the species be placed in a monotypic genus 
Faidherbia. Later taxonomic studies emphasised the anomalous morphological 
and biochemical. characters and ontogeny of the foliage. A summary of 
comparable and contrasting characteristics used for supporting the complexity 
and reclassification of the species are listed in Table 2.1. 
Carr (1976) proposed that African acacias be divided into 7 
morphologically distinct groups. He placed Acacia albida on its own in group 2 
based on the characteristics of straight thorns and spicate inflorescence. Many 
authors now refer to the species as F. albida after Chevalier (Corbasson et al., 
1986; Wood 1992). In this thesis, the species is called Faidherbia albida. 
Two geographical races of F. albida, A and B are recognised. The 
classification is based on the absence (race A) and presence (race B) of hairs on 
the branchlets, inflorescence axis, calyx and corolla and on leaflet size (Brenan 
1983). Race A extends northwards from eastern provinces of Tanzania, 
Uganda, Kenya, Ethiopia and Somalia. Race B occurs southwards from eastern 
Africa to southern Africa. Ross (1966) drew attention to intermediates 
possessing attributes of both races and Brenan (1983) reported these to occur 
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from Sudan to north and west Africa (see Figure 2.1 for the distribution of 
races). 
Table 2.1. Comparative listing of traits used to separate F. albida from the 
Gummiferae and Vulgares groups into the monotypic genus, 
Faidherbia. 
Trait Gummiferae Vulgares F. albida Reference 
seed areole large and follows occupies centre of large and follows Ross 1979 
outline of seed seed outline of seed 
cotyledons petiola te petiola te sessile CI'FI' 1989 
juvenile foliage pinnate to pinnate to always Vassal 1969 
pattern bipinnate bi pinnate bi pinnate 
inflorescence capitate spicate spicate Ross 1979 
stipules spinescent not spinescent spinescent Robbertse 1973 
glands petiolar petiolar glands on rachis Fagg and Barnes 1990 
defoliation winter winter s~r Wickens 1969 
floweringl Oct-April Oct-April May-July Robbertse 1973 
stamen filaments free joined or connate joined or connate Robbertse 1973 
involucel present absent present Robbertse 1973 
anthers small in size and small in size and large in size and Fagg and Barnes 
glandular glandular aglandular 1990 
pollen grains 16monads 16monads 26-32 monads Pohill and Raven 
1981 
pollen grains furrowed not furrowed not furrowed Guinet 1981 
ovary sessile pedicelled pedicelled Robbertse 1973 
disc absent cup-shaped cup-shaped Robbertse 1973 
chromosome no. polyploid usually diploid diploid-2n=26 Fagg and Barnes 
2n>26 tetraploid -2n=52 1990; Brain 1987 
free amino acids N-acetyl- S-carboxy-ethyl absent Evans et al. 1977 
djenkolic acid cysteine 
Nongonierma (1976) described subspecies of F. albida as albida and 
senegalensis based on the number of pinnae pairs and leaf size. Varieties 
within the subspecies senegalensis have been noted as vars. senegalensis, 
1 Flowering times refer to F. albida populations in the southern Africa. 
glabra, and pseudo-glabra and for subspecies albida as vars. microfoliata and 
variofoliata (Brenan 1983; Fagg and Barnes 1990). The division of the species 
into subspecies does not compare with Brenan's races (Fagg and Barnes 1990). 
2.3 History, distribution and ecology 
2.3.1 History 
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There are conflicting reports on the origin of the species. One school of 
thought maintains that F. albida originated in north Africa as evidenced by 
fossil records and spread southwards (Zohary 1962; Chevalier 1928; Butzer 1966; 
cited in Wickens 1969). However, Giffard (1964) believes that the species was 
concentrated in eastern and southern Africa and spread northwards through 
human and animal grazing activities (Giffard 1964). The latter theory is 
supported by Clarke (1991) who reported F. albida "residual parklands" in 
Burkina Faso that were planted by farmers many generations ago using seed 
bro_ught in by livestock and nomadic pastoralist from east Africa. Vandenbeldt 
(1991) proposed the Sudan and Ethiopian region as the centre of origin. 
Subsequent migration of the species to north-west and south-east Africa 
resulted in the formations of two ecotypes - upland and riparian respectively. 
2.3.2 Distribution 
The major distribution zones of F. albida are found in the dry uplands 
of north-west Africa and water courses of south-east Africa (see Figure 2.1). The 
largest concentration of the species occurs on the sandy alluvial soils of the 
Jebel Mara drainage system in Sudan, where pure stands are found (Wickens, 
1969). The range extends westwards to Chad, Niger, Mali to Senegal and 
northwards to Ethiopia and Egypt. Further north and outside Africa, the 
species occurs in Israel, Lebanon, Yemen and Jordan (Karschon 1961; Corbasson 
et al. 1986; CTFT 1989). From the Jebel Mara centre, the species also extends 
southwards through Somalia, Kenya and Tanzania forming the east African 
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Fig. 2.1. Distribution of F. albida in Africa and part of the Middle East 
(source CTFf 1989) 
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population. Further south the species occurs 1n Malawi, Mozambique, 
Zimbabwe, Zambia, Botswana, South Africa and Namibia (Ross 1966; Wickens 
1969; Palgrave 1984; CTFT 1989). There are records of the species occurring in 
one stand in Libya. F. albida has also been recorded in the Cape Verde Islands 
(Wickens 1969). 
2.3.3 Ecology 
Throughout its natural range F. albida is mainly associated with alluvial 
soils along watercourses. The soils are usually deep, and well drained. It has 
also been seen growing on shallow, rocky, heavy and cracking soils (Wickens 
1969; Saka and Bunderson 1989). In southern Africa, the natural habitat is 
restricted to major water courses. In Zimbabwe for example, it is found mainly 
along the sandy, alluvium flood plains on . river banks of the large lowveld 
rivers such as the Zambezi, Limpopo, Gwaii, Sabi, Runde, Bubi and Shashi 
(Sneizko and Gwaze, 1985). In West Africa, it also grows on cultivated lands 
and on sites away from the water courses (Kirmse and Norton 1984; CTFT 
1989). 
F. albida has a very wide altitudinal range from 270m below sea level in 
Israel to 2300 m above sea level in the Jebel Mara in Sudan, but is commonly 
found below 1200m (Wickens, 1969). The species is associated with low rainfall 
areas, usually with 500 mm to 800 mm annually, mainly distributed in 
summer. However, the species also grows in areas where the rainfall pattern is 
bimodal, eg, in east Africa (Wickens, 1969). F. albida grows in areas with 
maximum temperatures of 300c to 420c, minimum temperatures of 60C to 
180C and mean annual temperature of 180C to 300c (Webb et al. 1984). 
2.4 Silvicultural aspects 
Studies and reports on silvicultural aspects of the F. albida are scant. 
Many reports concentrate on the use of the species. In agroforestry systems 
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which use the species, advantages are associated with self-propagated mature 
trees. Thus, the planting of seedlings was not common until recently when 
plants of F. albida were raised for field trials and establishment in fields. 
Historically, many planting programmes using the species failed because of 
lack of simple cultural methods (Giffard 1964). Information on the silviculture 
and growth habits of the species is only beginning to be available (Vandenbeldt 
1992). 
2.4.1 Seed germination 
F. albida seeds have hard seed coats. This means that natural and 
artificial regeneration from seed must be preceded by mechanisms that break 
dormancy imposed by the hard seed coat. In nature, animals play a role. Seed 
consumed is scarified both chemically and mechanically as it passes through 
the digestive system of the animals. The seeds are disseminated through 
droppings. In Zimbabwe, elephants consume large quantities of pods at one 
time. The author observed their droppings and noted that most seeds are 
undamaged and ready to germinate. The seeds germinate, but due to 
competition for space most of the seedlings die out. Soil micro-organisms 
which are responsible for biodegradation of organic litter may also scarify 
buried seed, although it may take a long time. 
Seeds of F. albida can be scarified artificially by soaking in sulphuric acid, 
mechanical scarification and boiling in water. Different success rates of 
germination have been found by several authors (Lemaitre 1954; Wickens 
1966; Sneizko and Gwaze 1987). In most cases manual nicking achieved the 
best results. Sandford (1988) showed that hot-wire scarification achieved good 
results. The point to note here is that manual scarification is a good method 
when dealing with small samples. With larger samples, acid is the best method 
although care must be taken not to over-scarify and in handling the acid. 
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Boiling in water appears unsuitable for F. albida as the germination rates are 
often low (Sneizko and Gwaze 1987). 
2.4.2 Raising plants 
Plants of F. albida can be raised either from seed or cuttings. In both cases 
the best growth medium is sandy soil which allows unimpeded root 
development. Observation in nurseries propagating the species indicate that 
for maximum seedling growth, seedlings must be raised in long pots which 
allow free root extension since the species tends to invest more into root than 
height extension. Direct seeding is the easiest establishment method (Hocking 
1987). 
Vegetative propagation can be done using cuttings from shoots or roots. 
Gassama and Duhoux (1987) reported that cuttings from root suckers have 
better survival than those from stool cuttings. In nature, vegetative 
propagation appears to play an important role as many observations have been 
made on prolific suckering of certain stands. For example, Halevy (1971) 
reported on the spread of F. albida in Israel as a result of a shift from 
reproduction by seed to reproduction by suckering. 
In north-west Africa, seedlings of the species tend to be straggly initially 
and some form of training is done to support the seedlings (Hocking 1987). 
Another silvicultural practice is pollarding and cutting trunks to allow coppice 
production. Information on spacing is rare since the species is often planted in 
fields at random or along borders around fields. 
2.4.3 Growth rates 
F. albida is amongst the tallest and fastest growing of the African acacias. 
Diameter growth rates were reported by Mariaux (1966) to range from 0.61 to 
2.9 cm annually in Senegal. The early height growth of the species is expected 
to be 1 to 1.5 m annually on favourable sites and 0.5 to 0.7 m under average 
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conditions (CTFT 1989). Kolberg (1990) reported seedlings in Namibia reaching 
7 min 3 years, whilst Wanyancha et al. (1991) reported an overall mean height 
of 1.55 m after 3.5 years in Zimbabwe. In Kenya, Jama and Getahun (1991) gave 
a mean height of 9 m and diameter of 10 cm after 5 years, although growth rate 
was low during the first year. The initial slow height growth can be attributed 
to the fact that the species invest a high proportion of their growth in the root 
system. Comparative data presented by Ahmed (1987) showed that 2 year old F. 
albida trees raised from shoot cuttings performed better than those from seed. 
Plants from seed were 0.58 m tall, whilst those from cuttings were 0.75 m tall. 
Another indicator of tree productivity is the amount of litterfall. In the 
Mana Pools area of Zimbabwe, Dunham (1989a) reported trees producing 1.5 
tonnes ha-1 year-1 of litter comprising of 50o/o leaves, 20 % fruits, 17% fine 
material, 4 % flowers and 9% wood and bark. Growth of F. albida can also be 
viewed in terms of biomass production, but data on the average biomass 
production are not yet available for mature trees. 
2.4.4 Pest and Diseases 
F. albida plants are fairly resistant to termites (Mitchell 1989). The 
major insect pest appear to be Bruchidae species which attack the seeds 
(Wickens 1969). Deaths of mature trees in Ruaha National Park, Tanzania 
were attributed to elephants (Loxodonta africana) (Barnes 1983), but Dunham 
(1989b) could not correlate tree population decline with elephant density in 
the Mana Pools National Park, Zimbabwe. No fungi have been reported on F. 
albida trees and the absence of foliage during the rainy season is an obvious 
advantage in this respect. 
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2.5 Uses 
Faidherbia albida is one of the common African tree species left to 
regenerate in fields and most widely used in agroforestry systems (National 
Academy of Science 1979). It is a valuable tree whose protection and use is 
practiced throughout Africa. The unusual characteristic of losing leaves during 
the rainy season makes it an excellent complementary crop as it does not 
compete for light with agricultural crops. Leafless trees do not harbour pests 
and birds which feed on grain. The species is prominent in discussions about 
and lists of potential fuelwood species (Burley 1985). It appears on the list of 
species suitable for planting in the African savannas (Laurie 1974), and for 
tropical plantations, (Webb et al. 1984). F. albida is on the master (A) list of 
species under consideration as nitrogen fixing trees (Halliday and Nakao 1982). 
The pods and foliage are consumed by both domestic and wild animals. The 
species also provides shading in arid and semi-arid areas where solar radiation 
is intense and the skies cloudless during most of the year. 
2.5.1 In crop systems 
There have been reports on the use of F. albida in multipurpose 
production systems which include agriculture and animal husbandry (NAS 
1979; IDRC 1979; National Research Council 1984; Miehe 1986). The species is 
widely protected and planted in the Sahel region of Africa (Miehe 1986; 
Poschen 1986; Hocking 1987) and is viewed as the pre-requisite tree for 
integrated planting with intensive food crop production in the zones with 
loose sandy soils and a suitable ground water table (IUCN Sahel Report 1986). 
The association between F. albida and increased productivity of crops is well 
documented and several examples of crops that benefit when grown under the 
trees are provided eg., millet (Sarlin 1963; Charreau and Vidal 1965), sorghum, 
(Dencette and Poulain 1969) and peanuts (IRHO 1966). The trees are central to 
the millet/ groundnut agricultural zone of Senegal (IUCN Sahel Report 1986) . 
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In Zimbabwe high cotton yields have been reported from crops grown under 
the species in the Gokwe communal area. 
2.5.2 As fodder and food 
The pods and foliage are browsed avidly by all types of live-stock. This 
allows them to remain in good condition during the dry winter season when 
the trees are often the only green growth available (Sale 1981). In the Sahel 
region, the trees are lopped and the branches fed to livestock. In Zimbabwe, 
some commercial farmers have started planting F. albida in pastures to 
provide supplementary fodder during winter (R. Schley and K. Struthers, 
Muni Farm, Chinhoyi, Zimbabwe; pers. comm. 1989). The feeding value of the 
pods and leaves has been noted by several authors (see Felker (1978) for general 
references). The seeds have a high protein content of about 26% but are 
difficult to digest because of the hard seed coat (Wickens 1966). Boiled seed is a 
source of food for humans during famine periods in arid regions of Africa 
(Pardy 1953; Palmer and Pitman 1961; Sale 1981; Marunda 1992). 
2.5.3 As an introduced species 
The species was introduced to India as a farm forestry species in arid 
regions (Paroda and Mal 1986; Ahmed 1987). The species is also being tried in 
Pakistan (Sheikh 1988) and Chile (Fagg and Barnes 1990). In some countries 
where the species is native, F. albida is being tried outside its natural range eg., 
in Chad (Kirmse and Norton 1984), Malawi (Burley 1985; Fagg and Barnes 
1990), Nigeria (Uchimura 1986), Zambia (Sturmheit 1988), and Zimbabwe 
(Wanyancha et al. 1991). 
2.5.4 For environmental protection 
F. albida trees are protected and grown to counteract desert 
encroachment (Maydell 1978), for reclamation of open cast mine dumps 
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(Alexander 1989) and for erosion control (Dugain 1960) since the strong root 
system prevents soil movement under floods. 
2.5.5 Conclusion 
The literature revealed that F. albida is widely distributed in Africa 
and parts of the Middle East. Faidherbia albida (DEL.) A. Chev. is now widely 
accepted as the new botanical name of the species although some authors still 
refer to it as Acacia albida Del. The silvicultural aspects of the species are well 
understood since the species has a long history of use, but are not well 
documented. The uses of the species especially in West African agroforestry 
systems are well known and its potential in arid regions of the world is 
currently being evaluated. 
PART II 
GEOGRAPHIC VARIATION 
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CHAPTER3 
A review of geographic variation concepts with reference to Faidherbia albida 
and the choice of traits for the seedling study 
The importance of identifying the patterns of genetic variation for a tree 
species are outlined in this chapter. Concepts of cline development as moulded 
by the environment under which tree populations grow are discussed. 
Literature on variation of Faidherbia albida in the natural stands is reviewed. 
Results of previous studies on the genetic variation of the species are given to 
provide a basis for comparison with the findings of the current study. The 
traits assessed in the study of genetic variation are described emphasising the 
importance of these traits in determining tree productivity and the systematics 
of the species. 
3. Genetic diversity of F. albida 
3.1. Introduction 
The extent to which a species occurs geographically and ecologically as 
differentiated populations is a matter of practical interest to tree breeders, 
particularly when tree improvement programmes are envisaged. Due to its 
wide natural distribution and the diversity of ecological conditions under 
which F. albida grows, the species is expected to have considerable genetic 
variation. 
Studies of provenance (or seed source) variation in tree species are 
numerous. The "south-wide seed source" study of Pinus taeda in southern 
United States of America produced striking results (Wakeley 1954). There were 
significant differences in performance between northern and southern seed 
sources. Similarly, for Acacia mearnsii (Bleakley and Matheson 1989), A. 
auriculiformis (Pinyopusarek et al. 1991) and A. mangium (Harwood and 
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Williams 1991), significant differences were observed in several traits among 
provenances from a wide distribution range. The results indicated the 
importance of seed source. Testing for provenance variation has become a 
fundamental requirement in tree improvement programmes (Zobel and 
Talbert 1984). 
3.2 Development of clines and ecotypes 
Since F. albida has a wide latitudinal and altitudinal range and grows in 
uplands and riparian ecosystems in Africa, there is a strong likelihood that 
adaptations and different patterns of genetic variation have developed. This 
could have caused the species to develop subdivisions or races consisting of 
genetically similar individuals related by common descent and occupying a 
particular territory to which it has adapted through natural selection. 
This pattern of variation can be called geographic variation and was 
defined by Squillace (1966) as phenotypic variation in association with locality. 
Earlier, Langlet (1934) pointed out that most geographic and ecological factors 
vary in a continous fashion and graded variation of morphological traits could 
be expected. Gradual changes of this kind were described by Huxley (1939) as 
clines. Turesson (1922) and Gregor (1939) defined groups of plants of similar 
genotype occupying the same ecological niche as ecotypes to bring out the 
change in growth habits as a response to the selective action of predominant 
factors of the habitat. 
3.3. Morphological variation observed in natural stands 
Reports on morphological variation of F. albida in natural stands are 
few. However, measurable morphological characters have been found to vary 
continually throughout the species' range (Fagg 1992). Flowering and seed 
production is variable. A provenance on the coastal plains of Israel (Ashkelon, 
31 ° 40'5, and 34° 33'E) was reported to produce seed sporadically (F. R. Bach, 
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FAO Forest Resource Division, pers. comm. 1991), whereas most southern 
African provenances produce large amounts of seed every year. Palmer and 
Pitman (1961) gave a figure of one tonne per tree per year for big trees in 
southern Africa. Size and shape of pods collected from trees in natural stands 
vary considerably between seed sources (Ross 1966). Doran et al. (1983) reported 
different numbers of seed per kilogramme for sources in Africa indicating a 
gradual decrease in the weight of individual seeds from north to south. 
Natural variation also exist in phenology of F. albida. The pattern is very 
variable (Wickens 1969) with plants in the same locality and between localities 
being in full leaf and completely leafless (Fagg 1992). Variation has also been 
observed in coppicing ability. In Zimbabwe, the Palm Tree provenance in 
Chinhoyi (latitude 17° OO'S and longitude 30° 07'E) is isolated from the other 
riverine provenances, forming a disjunct group. Fallen trees from this area 
coppice profusely unlike trees from other sources in Zimbabwe. 
3.4 Variation in glasshouse, nursery and field trials 
Patterns of growth and physiological development have been shown to 
vary with latitude in previous studies of variation in F. albida (Joly 1992). 
Sneizko (1987) showed variation in nodulation of F. albida seedlings and 
reported that south-east African provenances nodulated more than north-west 
African provenances. In a related study Sneizko and Stewart (1989) found 
significant variation in seed weight and in various seedling traits, including 
seedling height, leaf colour, total dry weight and nutrient content of the leaves. 
Wanyancha et al. (1991) found that southern provenances of F. albida grew 
faster followed by those from east and lastly those from west Africa in a trial 
established at Chesa Forest Research Station, Bulawayo, Zimbabwe. Similarly, 
in Niger, southern provenances grew much faster than the western 
provenances during the first two growing seasons, although mortality of the 
southern provenances was almost 100% after 2 years (Vandenbeldt 1991). 
21 
It has also been shown that the species exhibits physiological variation. 
For example, provenances of the species were shown to vary in ability to grow 
under low phosphorus levels. Sanginga et al. (1990) showed significant 
differences in shoot dry weight among F. albida provenances from both north 
and south of its range at both high and low phosphorus levels. Fagg and 
Barnes (1990) observed different times of leaf fall and flush among 
provenances in a trial at Chesa, Bulawayo, Zimbabwe. 
Isozyme studies by Joly (1991) showed a high level of genetic diversity 
within populations and a large difference between western and eastern African 
populations. The result confirmed the presence of the genetic diversity of the 
species and the division of the provenances into western and eastern African 
groups. 
Previous genetic studies on the species have been limited to a few 
on 
provenances concentrating~ either west or east Africa sources. This study 
aimed to include-most of the provenances representative of the distribution in 
Africa. In most studies, the pattern of variation has not been related to the 
geographical and ecological factors of the seed origin and this study tested the 
type of relations that exit. The genetic variation was quantified in terms of 
genetic parameters. 
3.5 Assessment of variation 
Provenance variation and tree to tree genetic variation usually accounts 
for nearly 90 % of total variation (Zobel and Talbert, 1984), but this varies from 
species to species. 
Assessment of variability was done by biosystematic explorations in the 
natural stands (Turnbull 1975), combined with seed collection. Systematic 
botany studies to determine morphological differences in plant species were 
started by De Vilmorin about a hundred years ago (Baldwin 1942). 
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Reliable information on variation comes from provenance and progeny 
tests (Turnbull and Griffin 1984; Barnes 1990). Collecting seed, growing 
seedlings, and assessing gross morphological, physiological and biochemical 
differences can provide information on the amount of variability. A 
glasshouse experiment in which a range of seed sources from natural 
populations are grown under uniform conditions, can be used to test for 
variation. 
Genetic variation can be assessed using a nested sampling procedure 
(Zobel and Talbert 1984). The procedure determines variation in the following 
categories: geographical (provenance) variation, sites within provenance, 
stands within site, individual trees within a stand and within tree variation. In 
this study provenance and family within-provenance variation were assessed. 
3.6 Choice of traits for genetic study 
In this study, the aim was to review the evidence for genetic variation in 
a number of functional and structural components that contribute to the 
productivity and survival of F. albida trees and to discuss the prospects for 
improving the species through selection and breeding. These structural and 
functional components are referred to as traits (see Table 3.1). Figure 3.1 given 
at end of this Chapter shows the physical structure of a seedling of the species. 
A trait can be defined as any feature of a plant whose expression can be 
measured, counted, or otherwise assessed (Davis and Heywood 1963; cited in 
Turnbull 1979). Derived traits are those which are calculated. The terms 
character and variate are used synonymously with trait. 
In forest genetic studies, traits used in assessing phenotypic 
differentiation are chosen on the basis of two considerations. The first which is 
important from a practical point of view, is the choice of traits with direct 
importance to the end use of the species or in the context of the study. In this 
study, traits with adaptive significance in arid and semi-arid environments 
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Table 3.1. Traits assessed in the study of seedling variation in a glasshouse. 
Trait Abbreviation Measurement unit 
seed weight [SEWT] no. of seeds kg-1 
Days to germination [DAYG[ days 
height 1 month [HT_l] cm 
height 2 months [HT_2] cm 
height 3 months [HT_3] cm 
height 6 months [HT_4] cm 
branch height [BRHT] cm 
branch number [BRNO] number 
root collar diameter [RCX:O] mm 
pubescence [PUBS] scorea 
in tern ode length [INLE] cm 
length of stipules [SPLE] cm 
stem form [STFO] scoreb 
leaf senescence [SESC] scorec 
leaf dry weight [LEWT] g 
stem dry weight [STWT] g 
leaf to stem ratio [LE/Sf] ratio 
total shoot dry weight [SHWT] g 
fibrous root dry weight [FIWT] g 
hard (tap) root dry weight [HAWT] g 
fibrous to hard root ratio [FI/HA] ratio 
total root dry weight [ROWT] g 
root to shoot ratio [RO/SH] ratio 
total dry weight [TOWT] g 
a. score 1 to 2; 1 = absence and 2 = presence of root hairs 
b. score 1 to 4; 1 = straight and 4 = very zig-zagged 
c. score 1 to 2; 1 = absence and 2 = presence of leaf senescence 
-
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and those directly related to tree productivity are considered most important. 
The other consideration is the statistical analysis to be performed. For example, 
Gillison (1976) stated that there are disadvantages in measuring qualitative 
characteristics when comparison between provenances is done using canonical 
variate analysis. Another consideration related to this is whether the traits 
assessed can be grouped together into canonical variates that can provide 
meaningful interpretation. 
3. 7 Seed weight 
A positive correlation between seed weight and amount of food stored 
in the seed storage tissue has been demonstrated for a number of plant species. 
A large seed usually contains a large endosperm, or a large embryo and/ or 
cotyledons. In albuminous seeds, the endosperm is the reservoir of energy 
used during germination and in exalbuminous seeds like those of F. albida 
(Pohill and Raven 1981), the energy is stored in the body of the embryo or 
cotyledons (Esau 1977). For many tree species, seed size has been found to be 
significantly correlated with germination rate and seedling size, but the 
advantage could be short-lived depending on the species. Oboho and Ali (1985) 
showed that for Acacia nilotica, F. albida and Azadirachta indica, germination 
time did not vary with seed weight, but early seedling height did. Similarly, 
Shivkumar and Banerjee (1986) reported that provenance{ Acacia nilotica 
with heavier seeds yielded plants with the best height and diameter and seed 
of smaller size took longer to germinate. 
3.8 Height and root collar diameter 
Height is the single most widely used trait in detecting differences in tree 
species. In most provenance trials, height of the trees is measured. It has the 
advantage of being easy to measure early on and has a visual impact. 
Provenance differences, if present, are easily manifested by differential growth 
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in height. The disadvantage of height as a trait is that it is not only influenced 
by additive genetic effects, but is also strongly controlled by the environment 
(Zobel and Talbert 1984). 
Another trait, the importance of which can be supported by the same 
reasoning, is plant basal diameter. A combination of diameter and height in a 
conical function gives an index of the yield of a tree in terms of solid wood. 
3.9 Branch characteristics 
Branching habit plays an important role in determining crown 
architecture and canopy density of forest stands. Canopy development depends 
essentially on the number of branches and their orientation along the stem 
(Scarascia et al. 1989). Branches also have an influence on the spatial 
distribution, inclination and orientation of leaves in the crown. The dynamics 
and demography of the resulting leaf population will affect the processes of 
absorption, photosynthesis and transpiration (Ceulamans 1990). It could 
therefore be anticipated that the crown structure is an important yield 
determinant, both in terms of contributing to biomass productivity and fodder. 
Availability of fodder is a function of the height of the foliage above ground. 
For F. albida, trees with lower branches provide more fodder to browsing 
animals than those with branches high up the stem. 
3.10 Stipules 
Stipules are an important feature of African acacias taxonomically. 
Suitability of a species as a source of fodder is reduced in trees with larger 
stipules because browsing animals are deterred. In the Sahel region of Africa, 
people select and protect naturally regenerated seedlings with smaller stipules. 
It was observed in a preliminary seedling growth trial of this study that 
seedlings of F. albida with large stipules tended to have dense foliage. 
The potential of F. albida in countries like Australia, where the species 
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is most likely to grow well, is hampered by the presence of stipules. Species 
with thorns are prohibited introductions to Australia because of the chances of 
increasing the risk of screw worm on cattle through injuries inflicted by the 
stipules and also through the potential to become serious weeds (eg. Acacia 
nilotica) (L. Govaars, Plant Introduction Officer, CSIRO Division of Plant 
Industry, pers. comm 1991). So future breeding strategies should aim to reduce 
the size or remove the stipules to enhance the use of the species in Africa and 
elsewhere. 
3.11 Pubescence 
Ecological studies have shown that plants growing in arid habitats tend 
to posses leaves with more hairs (pubescence) than similar plants from wetter 
habitats (Eheleringer 1980). As noted in Chapter 2, section 2.2, Brenan (1983) 
drew attention to the division of F. albida into two distinct races, A and B with 
some intermediates, depending on the absence or presence of hairs on the 
leaves and young branches. It is of interest to test if there is any trend in 
pubescence with aridity or seasonality of rainfall of the area of seed origin. 
3.12 Dry weight traits used in assessment of growth potential 
Determination of dry matter is a useful tool in forest tree research, 
especially in studies of tree production. The evaluation is based on the 
determination of dry matter of leaves, branches, stems and roots , during a part 
or the whole life of the plant. Parameters such as leaf area ratio, leaf area index, 
and specific leaf area can be calculated and used in estimating productivity of 
the canopy and efficiency of the photosynthesizing apparatus (see Evans 1972 
for general discussion on the parameters). F. albida is used principally as a 
fodder crop and any tree improvement programme must concentrate on 
canopy characteristics. 
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The other parameter that can be calculated from dry weight is the root to 
shoot ratio. Root to shoot ratio of plants has implications for the ability of 
plants to withstand prolonged drought or inundation (Kozlowski 1984) . For 
trees which grow in arid and semi-arid areas, a high root to shoot ratio is ideal 
since a large root system is presumably more effective in extracting scant water. 
Also, root biomass can be partitioned into hard (tap root) and fibrous (primary 
lateral root) portions. The fibrous to hard root ratio gives a measure of the 
quality of the root system. 
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Fig.3.1. Diagram of F. albida seedling showing the general form. The stem is 
characteristically zig-zagged with the stipules and leaf rachis occurring 
at the nodes. The leaf is bipinnate, subdivided into pinnae which are 
further subdivided into pinnules. The root system is dominated by the 
tap root. 
CHAPTER4 
Materials, methods and analyses used in the examination of 
geographical variation in seedlings of Faidherbia albida 
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This chapter describes the study of the patterns of genetic variation of 
the species. The materials used and the methods are described. The methods of 
analysis and the basis for calculating heritability are also included. 
4.1 Materials 
Seed of Faidherbia albida provenances from Africa were procured from 
several tree seed centres in Africa, United Kingdom and France. Details of the 
seed sources and suppliers are given in Table 4.1 and Appendix 4.1. Seeds of 
the species were collected during collection missions mounted by CTFT 
(Corbasson et al. 1986) and the Oxford Forestry Institute (Fagg and Barnes 1990). 
Several African countries in which the species grows naturally also made their 
own collections. 
Seed was imported to Australia and kept under strict quarantine 
protection since the F. albida is prohibited in Australia. Arrangements were 
made to raise seedlings under quarantine restriction in an isolated glasshouse. 
Facilities at the Canberra phytotron of CSIRO Division of Plant Industry were 
used. 
Provenances tested in the glasshouse trial were selected on the basis of 
their importance as seed sources (especially for some Zimbabwean sources), its 
geographic position (eg., isolated sources which may have important allelic 
forms of genes), altitudinal and latitudinal positions, and number of dry 
months per year of the provenance collection site (eg., some provenances in 
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Table 4.1. Provenance details for seedlots included in the glasshouse trial. Full meanings of the supplier abbreviations 
are given in Appendix 4.1. 
No Code Provenance Country Latitude Longitude Altitude Meanann. Mean No of months Supplier 
rainfall ann.tem. <60mm 
0 . 0 . m mm oc . . 
1 Ku Kuiseb Namibia 23:345 15:02E 400 so 15.2 12 OFI-UK 
2 Ta Taupye Botswana 23:295 27:14E 850 471 20.6 8 OFI-UK 
3 G> Gonarezhou Zimbabwe 21:555 31:27E 280 350 23.7 9 RSC-ZIM 
4 Lu Lukunguni Zimbabwe 18:035 26:14E 880 650 23.2 7 RSC-ZIM 
5 Gk Gokwe Zimbabwe 17:375 28:30E 1200 
I 
787 20.S I 7 RSC-ZIM 
6 Pt Palm Tree Zimbabwe 17:005 30:07E 1091 850 20.7 7 RSC-ZIM 
7 Ma Mana Pools Zimbabwe 15:435 29:22E 360 620 25.1 8 RSC-ZIM 
8 Ka Kafue Flats .. Zambia 15:315 26:40E 1000 871 21.0 7 OFI- UK 
9 Cy Chiyenda Malawi 15:205 25:02E 600 780 23.2 6 OFI- UK 
10 Cl Chilanga Malawi 14:505 35:15E 500 780 23.6 6 FRIM-MAL 
11 Cn Chinzombo Zambia 13:075 31:48E 550 958 24.0 7 OFI-UK 
12 Bw Bwanje Malawi 14:365 36:45E 600 900 23.3 6 OFI- UK 
13 Lo Lodwar .. Kenya 3:06N 35:38E 650 630 27.2 8 KEFRI 
14 We Wenji * Ethiopia 8:26N 39:lSE 1540 796 21.1 6 ETHIOPIA 
15 De Debrezeit * Ethiopia 8:44N 38:58E 1900 721 19.3 6 ETHIOPIA 
16 Ko Kokologho B/Faso+ 12:lON 1:52W· 300 600 28.1 7 B/FASO 
17 Mk Makary Cameroon 12:34N 14:28E 286 500 28.0 7 CTFT-FRAN 
18 Bi Bignona Senegal 12:45N 16:25W 10 1410 26.3 7 CTFT-FRAN 
19 Te Tera Niger 14:00N 00:45W 240 458 28.0 8 CTFT-FRAN 
20 Qi Oursi B/Faso 14:lON 00:lOW 300 300 28.9 8 B/FASO 
* Seedlots of these provenances were bulked 
+ Burkina Faso 
31 
Namibia receive little or no rainfall in some years). The provenances tested 
and details of seed source are shown in Table 4.1. 
4.2 Method 
4.2.1 Seed weight determination 
Measurement of seed weight was done using pure filled seed. Good seed 
with shiny smooth seed coats were separated from poor seed with dull seed 
coats. A quartering technique prescribed by the International Seed Testing 
Association OST A) (1976) was used to divide large seedlots into smaller 
samples from which working samples were taken. In each sample, fifty seeds 
were counted and the weight determined on a Mettler electronic (P600) 
balance. For each seedlot, ie., family, four samples each of fifty seeds were 
weighed. In the case of bulked provenances, the seedlots were divided into 
four samples to achieve equal representation. For families with few seeds, all 
good seeds were counted and weighed. The weight of one seed was calculated 
using simple proportion. 
The mean weight, standard deviation and coefficient of variation (cv%) 
of the four replicates were calculated. The cv%s were compared to the cv% 
(value=4) prescribed by ISTA (1976) to check whether the samples were 
homogeneous. 
4.2.2 Raising seedlings 
Three seeds were sown into a pot following scarification (nicking with a 
nail-cutter on the micropylar end of the seed). The pots (15 cm height x 8 cm 
diameter) had earlier been filled with perlite and vermiculite in a 50/50 
mixture and were placed on trays mounted on trolleys. A week after 
germination, the weaker seedlings were culled leaving one per pot. 
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Temperatures were at 300c during the day (9 am-5 pm) and 200c during 
the night. Normal daylight and photoperiod were supplemented and extended 
to 16 hours using 500W Quartz Halogen reflector lights which give a light 
intensity of about 50 micro mol m-2 sec-1 at plant level (CSIRO Phytotron 
Handbook 1991). Watering was done daily at 8.30 am and 4.30 pm using 
Hoagland nutrient (No. 2) solution (see CSIRO Phytotron Handbook for 
nutrient composition) and tap water respectively. Under normal field 
conditions the seedlings would have been inoculated with a Rhizobium 
suspension, but this was not done since a preliminary observational 
experiment had shown successful growth of seedlings without inoculation. 
4.2.3 Experimental design 
The experimental layout was a computer generated incomplete block 
design with five external replicates and ten incomplete blocks within a 
replicate (see Figure 4.1). The design facilitated testing of a large number of 
provenances in a small space. Blocking structure was confounded with 
possible environmental variation within the glasshouse, eg., temperature 
gradient between replicate trays. 
Twenty provenances were compared. Most provenances were 
represented by twenty-five seedlings, five from each of the five parent trees in 
each replicate. For bulked provenances, each was repeated five times to 
achieve equal representation. Thus, there were one hundred seedlings per 
replicate. Random numbers between 1 and 100 were allocated to seedlots 
which were in turn randomly allocated to blocks within replicates. Single tree 
plots were used. The statistical validity, efficiency and advantages of single tree 
plots has been outlined by Wright and Freeland (1959), Franklin (1971), and 
Matheson (1990a). 
('I) 
('I) 
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Fig. 4.1. Diagrammatic representation of the experimental layout in the glasshouse. Incomplete blocks run from left to right in each replication. 
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4.2.4 Observations and measurements 
Observations were made on germination behaviour, cotyledon 
development, colour and orientation, stem form, leaf colour and defoliation. 
4.2.5 Measurements 
4.2.5.1 Germination 
Days to germination was recorded as the elapsed time between sowing 
and the time at which the cotyledons were judged to be fully exposed and 
expanded. 
4.2.5.2 Height 
Height was measured every four weeks. Measurements (to the nearest 
millimetre) were taken from the cotyledonary node to the growing tip using a 
measuring tape. In the case where seedlings had two competing leaders, the 
tallest was measured. The final height measurement was made just before 
harvesting when the seedlings were six months old. 
4.2.5.3 Root collar diameter 
The root collar diameter was measured to the nearest one hundredth of 
a millimetre using a pair of digimatic callipers (Mitutoyo Model Cd-6"). 
Measurements were taken at the stem level in line with the edge of the pot 
corresponding to the first node, ie., between the cotyledons and the first pair of 
true leaves. Two readings were taken at right angles to one another and the 
average of the two recorded. 
4.2.5.4 Branch characteristics 
Number of branches up the stem was counted. Branches counted were 
those that were more than one centimetre in length. The height from the 
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cotyledons to the lowest branch was measured. Secondary branches were not 
included because only a few seedlings produced such branches. 
4.2.5.5 Leaf characteristics 
The number of leaves up the stem and branches was determined just 
before harvesting. The number counted included dropped leaves which were 
collected in aluminium foil plates placed around the base of the seedlings. 
Axillary leaves attached to the large leaves were not included in the count. The 
numbers of pinnules and pinnae pairs were also recorded but the counting 
was limited to two replicates only. 
Leaf area was determined from a sample of four leaves taken from each 
quarter of the total stem height. The area of each leaf sample was measured 
using a continous belt leaf area meter after which the samples were oven dried 
at 70°C for 72 hours. The dry weight of the leaves was taken. The total leaf area 
was determined by extrapolation based on the leaf dry weight. 
4.2.5.6 Stipule and intemode length 
The longest stipules along the main stem were selected and length to the 
nearest millimetre was measured on two pairs. Thus four stipules per seedling 
were measured. Measurements were taken from the tip to the mid point of the 
swelling that attaches the stipules to the stem. The lengths of the two 
internodes on either side of the point half way up the stem were measured and 
averaged. 
4.2.5.7 Stem form 
Stem form was scored on a scale of one to four. Straight stems were 
scored as one whilst the most zig-zagged stems received a score of four. The 
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scoring was based on the angle between adjacent portions of the node (see 
Figure 3.1). 
4.2.5.8 Pubescence 
The absence (glabrous) and presence (pubescence) of fine hairs on the 
growing tip and small leaflets was assessed with absence scored as 1 and 
presence as 2. 
4.2.5.9 Dry weight traits 
After harvesting and washing off growth media from the roots, the 
stems were separated from the roots at the soil line. The two parts were put in 
separate drying bags and were oven dried for 72 hours at a temperature of 70°C. 
The leaves were removed from the stem and weighed using a Satorius 
electronic balance. The weight of the stem together with the branches was also 
determined. 
The roots were divided into two parts; fibrous portion consisting of all 
rootlets attached to the tap root and the hard portion referring to the tap root. 
Some provenances had several large roots joined just below the soil line 
instead of one large tap root. These roots were classified as being hard. The dry 
weight of the two root portions was determined. The total biomass, leaf to 
stem ratio and the fibrous to hard root ratio were calculated and classified as 
derived traits. 
4.3 Analyses 
All analyses were performed using the Genstat 5 statistical package 
(Payne et al. 1987). Variate data were first screened for outliers using diagnostic 
check graphs derived from simple analysis of variance. Outlying data points 
were restricted and treated as missing values. The diagnostic checks also served 
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to confirm that the underlying statistical assumptions required when 
performing an analysis of variance (ie., the residual variance must be normally 
distributed and independent of variate mean) were met (Burley and Wood 
1976). Only two traits, the fibrous to hard root ratio and stem form, did not 
satisfy the assumptions and were log-transformed. 
The design of the experiment allowed the data to be analysed as a 
completely randomised design (CRD) and as an incomplete block design (IBO). 
The following statistical treatments were applied; 
1. univariate analysis for CRD 
2. test of non-orthogonal data using multiple regression 
3. estimation of components of variance using residual 
maximum likelihood (reml) for IBO 
4. test for correlation between site ecological factors and 
traits 
5 test for correlation between traits 
6. multivariate analysis using canonical variate analysis 
(CVA) 
4.3.1 Univariate analyses 
Analysis of variance for individual traits provided estimates of variance 
attributable to replicates, provenances and between-families-within 
provenances. Statistical significance of tests was identified by means of the 
variance-ratio (F -ratio). Summary of the sources of variation and appropriate 
degrees of freedom are given in Table 4.2. The underlying model is given on 
the next page. 
Y = µ + rm + P Ci,jJ + f o,j,k,) + e 
where µ = general mean 
r = contribution of the ith replicate 
p = contribution of the jth provenance in the ith 
replicate 
38 
f = contribution of the kth family in the j th provenance in 
the ith replicate, and 
e = residual error term. 
Table 4.2. Sources of variation and degrees of freedom for a completely 
randomised design (see Fig 4.1 for design). 
Source of 
variation 
Replicates 
Provenances 
Family.prov 
Residual 
Total 
Degrees of 
freedom 
4 
19 
80 
396 
499 
Mean 
square 
MSr 
MSp 
MSt 
MSe 
4.3.2 Multiple regression to test non-orthogonal data 
Variance 
ratio 
MSr/MSe 
MSp/MSe 
MSt/MSe 
The data were also analysed as an incomplete block design with ten 
incomplete blocks per replicate each with ten families. Multiple regression was 
performed to check on whether blocking was effective. The multiple 
regression model used accounted for the percentage of total variation 
attributed to provenance, family-within-provenance (prov. fam), replicate and 
block-within-replicate (reps . bwr) treatment e ffects for each trait (E . R., 
Williams, CSIRO Division of Forestry; pers. comm 1992) . The regression 
model used is shown below. 
Response variate: any of the assessed traits 
Fitted terms: constant + reps + reps. bwr + prov + prov.fam 
39 
The accumulated analysis of variance gave the mean squares of all the 
fitted terms including the residual mean square. The regression accounted for 
variation due to the fitted terms leaving out the residual variation. Effective 
blocking was indicated by a small regression residual mean square compared to 
the residual mean square from the univariate analysis (see section 4.3.1) for the 
individual traits (E. R., Williams, CSIRO Division of Forestry; pers. comm 
1992) described in the previous section. The residual estimated maximum 
likelihood (reml) test (as described in the next section) was performed when 
there was a significant reduction in residual variation from the multiple 
. 
regression. 
4.3.3 Residual Maximum Likelihood (reml) test for an incomplete block 
design 
Reml is a programme used to estimate components of variance and 
provide efficient estimates of treatment effect for non-orthogonal data 
(Robinson 1987a; 1987b), using the technique of residual maximum likelihood 
described by Patterson and Thompson (1971; 1975). The testing and estimation 
procedures associated with the analysis and the underlying fixed and random 
linear models have been described and used widely (Corbell and Searle 1976; 
Harvile 1977; Robinson 1987 a). 
For the glasshouse trial data, the first analysis used the Reml statistical 
package (Scottish Agricultural Statistics Service), described by Robinson (1987b). 
The new Genstat version which incorporates the Reml directive was later used 
to provide the estimated variance components and the best linear unbiased 
estimates of means (blues). The general linear model used for individual traits 
is given on the next page. 
Yo,tk> = tm + r<j> + b (j,k> + e< i,j,k) (Robinson 1987b) 
where; t - represents the fixed treatment effects 
r - represents the random error terms for replicates 
b - represents the random error terms for blocks within 
replicates, and 
e - represents the residual error term. 
40 
The residual mean squares (error component of variance) for each trait 
from the analysis were compared to the corresponding residual mean squares 
derived from univariate analyses (see section 4.3.1). If there was a decrease in 
value from the latter, then blocking was effective and the estimated error term 
was accurate (A.C, Matheson, CSIRO Division of Forestry; pers. comm 1992). 
The efficiency of using incomplete blocks relative to the randomised 
complete design was tested using the method used by Wyk (1975). The 
efficiency is expressed as a ratio of the error mean square from the CRD (from 
section 4.3.1) to the error mean square from IBO (this section). Blocking was 
effective when the percentage was greater than 100 % (ratio greater than 1). 
The smaller residual mean squares from either the univariate analysis 
or reml were used in the calculation of variance ratios to test for the 
significance of the treatment effects. Provenance mean estimates (best linear 
unbiased estimates), for traits in which blocking was effective and simple 
means for traits in which blocking was ineffective were used in the correlation 
analyses and in the multivariate analysis described below. 
4.3.4 Correlation between traits and site parameters 
Simple and multiple regression analyses were used to quantitatively 
examine the relations between trait and seed origin parameters. The site 
parameters (independent variables) used were latitude, longitude, altitude, 
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temperature, rainfall and number of dry months year-1 as listed in Table 4.1. 
The choice of independent variables was based on the assumption that they 
have an effect on the growth patterns and development of some traits and that 
the effect follows gradients. The models included the explanatory (trait) 
variables with various combinations of linear and quadratic effects of the 
independent variables. Provenance means were used in the analysis to 
estimate the coefficients of determination (R2). Table 4.3. gives the different 
models used. Rainfall and number of dry months year-1 were omitted because 
no significant relationship with traits existed. 
Latitude coordinates north of the equator and longitude coordinates 
west of the Greenwich meridian were assigned negative values to facilitate 
graphical presentation. A standard programme for regression was used ·and 
simplified by excluding some independent variables that explained little or no 
variation of the measured traits. 
Table 4.3. Linear and quadratic models used in the regression analysis 
Model 
1 
2 
3 
4 
5 
6 
7 
8 
9 
between traits and seed source data. Y represents the independent 
variable (assessed trait) 
Regression equations 
Y = Constant + Latitude (Lat) 
Y = Constant + Lat + Lat2 
Y = Constant + Longitude (Lon) 
Y = Constant + Lon + Lon2 
Y = Constant + Lat + Lon 
Y = Constant + Altitude (Alt) 
Y = Constant + Alt+ Alt2 
Y = Constant + Temperature (Tern) 
Y = Constant + Tern+ Tem2 
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4.3.5 Phenotypic correlation between traits 
By definition, phenotypic correlation 1s the association between two 
characteristics that can be observed directly (Falconer 1981). The relation 
between any two traits can be tested using a simple correlation coefficient (r) 
which measures the extent to which the traits vary linearly together (Burley 
and Wood 1976). A correlation matrix between all possible pairs of traits can be 
generated using the Genstat 5 programme (Payne et al. 1987). 
Significance of the relationship can be tested by comparing the calculated 
correlation coefficients (r) with the critical values from a statistical table (Fisher 
and Yates 1963). For this study the significance was based on 19 degrees of 
freedom at the 1 % and 5% levels. Significant relationships between important 
traits were shown graphically using scatter diagrams. 
4.3.6 Multivariate analysis 
Multivariate analysis was done using the canonical variate analysis 
(CVA) as described by Payne et al. (1987) using provenance best linear unbiased 
estimates or means of selected traits. The method combines information from 
selected traits into a measure of association, such as a distance (inter-group-
mean Mahalanobis D2 distance) or dissimilarity (Payne et al. 1987) between or 
among groups of provenances. Theoretical groups of provenances were created 
on a priori of geographical proximity. The division of the provenances into 
groups could be tested by comparing the Mahalanobis inter-group-mean 
distances: a low distance between two groups indicates a relatively high 
similarity, whilst a high distance indicates dissimilarity (Squillace 1966). 
Uncorrelated traits or those that showed weak associations were used in 
the multivariate analysis. For example a strong correlation was found between 
seed weight, root collar diameter and height growth in the correlation tests 
section 4.3.5. Seed weight was dropped in favour of the final height and root 
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collar diameter because the provenances of the species could easily be grouped 
on the basis of seed weight. 
4.4 Heritability 
Genetic study of a trait is mainly concerned with its variation. The 
amount of variation is measured and expressed as the variance. The total 
variance or phenotypic variance (Falconer 1981) can be partitioned into 
components attributable to different sources. In this study the sources of 
variation are the replicate effect, the provenance effect, family-within-
provenance effect and the error. The relative magnitude of these variances 
determines ;h( the genetic estimates of a population (Falconer 1981). Of 
particular importance is the resemblance between relatives and this brings up 
the concept of heritability. Heritability of a trait was described by Zobel and 
Talbert (1984) as the proportion of variation in the population that is 
attributable to genetic differences among individuals. 
The use of variance components from designed experiments in 
estimating genetic parameters has been described by many authors (Hill and 
Nicholas 1974; Thompson 1977). Accurate identification of variances depends 
on the experimental design and the method of analysis. The mean squares 
from analysis of variances are made up of different sources. Variance 
components can be computed from calculated mean square values as described 
by Namkoong (1972), Burley and Wood (1976) and Woolaston (1988). Table 4.4. 
shows the calculation of components of variance for the incomplete block 
design used in this study. 
Falconer (1981) described the use of variance components in calculating 
narrow sense heritabilities when data is available on offsprings from known 
parents. The formulae for calculating provenance and family heritabilities are 
given in the Chapter 7, section 7.1 for easy reference. Since heritabilities are 
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only estimates, the vatuf typically have large sampling errors associated with 
them (Woolaston 1988). Standard errors of heritabilities can be determined 
using the formula given by Wright (1976). The formula is again given in 
Chapter 7, section 7.1. 
Table 4.4. Variance analysis format used to estimate components of variance 
for provenances and family-within-provenances. The adjusted 
residual mean squares from the reml analysis were used for traits in 
which blocking was effective. 
Source of variation D.F Mean square Expected Mean Square 
Replicate 4 MSr cr2e+Scr2f+20cr2p+10cr2b+Scr2r 
Block within replicate 45 MSb cr2e+Scr2f+20cr2p+10cr2b 
Provenance 19 MSp cr 2e+scr2f+20cr2p 
Family within provenance 80 MSf cr 2e+Scr2t 
Residual 351 MSe cr2e 
CHAPTERS 
Patterns of geographical variation in Faidherbia albida provenances 
observed in the seedling study 
Obsevations on seedling development are reported first. A summary 
of the data analysis is presented emphasising on comparison between (i) a 
completely randomised design (CRD) and (ii) an incomplete block design 
(IBO). This is done by testing the statistical efficiency of each design in 
explaining most of the residual variation (as described in section 4.3.3). 
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Genetic variation due to provenances and families-within-
provenance is discussed next. Coefficients of variation (cv%) for all traits are 
graphically presented at the end of the chapter for easy reference. The 
patterns of variation in relation to geography and climatic parameters of the 
seed source are graphically presented for those traits in which the 
relationship is very strong. Correlation coefficients (in Table 5.8 at the end of 
this chapter) and the percentages of variance (indicated by coefficients of 
determination R2 in Appendix 5.1) for any trait contributed by the linear or 
quadratic functions of seed source parameters are given, followed by a 
description of the nature of the relationship. 
5.1 Observations on seedling development 
5.1.1 Germination 
Germination started six to seven days after sowing. Germination was 
epigeal. The position of nicking affected success of germination. Seeds 
nicked on the micropylar end germinated quite easily. For seeds nicked 
accidentally on the end opposite the micropyle, expansion of the cotyledons 
was restricted by the still intact seed coat. This was quite evident in small 
seeds from north-west Africa. 
Some germinants had deformed radicles resulting in poor survival. 
During culling, it was observed that north-west provenances tended to 
produce longer radicles than south-east provenances despite their smaller 
seed size. Poor germination in some pots was attributed to erratic watering 
with some pots being missed. In such cases, seed germinated, produced a 
radicle and when the radicle got exposed to the sun, it collapsed and finally 
died. Transplanting was done to fill in gaps. 
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5.1.2 Cotyledon development 
Seedlings from south-east Africa had cotyledons which were purple 
on the upper side whilst those from north-west Africa were light green. 
Colouration of cotyledons is attributed to the presence of anthocyanin which 
is a purple or red pigment found in cell sap (Esau 1977). The pigment has 
been reported in seedlings of some tree species, for example in Eucalyptus 
cloeziana (Turnbull 1979) and Pinus contorta (Jonsson et al. 1981). The 
latter authors correlated the intensity of anthocyanin in seedlings of the 
species to frost hardiness, and for Faidherbia albida, the presence of the 
pigment may be of adaptive significance especially in provenances from the 
cooler sou th. 
Seedlings of north-west African provenances had cotyledons 
vertically attached to the hypocotyl whilst those from the south-east were 
horizontal. After a few days the vertically oriented cotyledons became 
horizontal. Again this may be of adaptive significance especially in the 
north where ground temperatures may be very high. Seedlings reduce the 
leaf surface area exposed to the sun by assuming a vertical orientation of 
their cotyledons. A similar behaviour occurs in seedlings of Eucalyptus 
camaldulensis and is suggested to be a survival mechanism for avoidance 
of direct sun rays (Gibson 1991). Seedlings from the north-west also 
produced smaller cotyledons than south-east African provenances. 
5.1.3 Leaf characteristics 
The first two leaves were bipinnate and had only one pinna pair. As 
the seedlings grew, subsequent leaves had two or three pinnae pairs. Leaf 
colour was also observed and south-east provenances produced leaves with 
a deep green colour whereas north-west provenances had dull greyish green 
leaves resulting in a greyish appearance when viewed from a distance. 
Towards the end of the fifth month, defoliation started. The initial 
symptom of defoliation was change of colour from green to yellowish 
green. Bottom leaves changed colour first and the colour change progressed 
up the main stem and branches. The pinnules dropped off first followed by 
the rachis and finally the petiole 
5.1.4 Stem form 
At three weeks, the zig-zag stem forms became distinct. Bark flaking 
w~ich is characteristic of the species was observed after three weeks. During 
the second month of growth, branches were formed. The seedlings from 
northern provenances tended to lean over whilst those from the south 
were upright. 
5.2 Summary of the statistical analysis 
5.2.1 Comparison between complete and incomplete block designs 
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Residual mean squares from univariate analysis (for CBD), multiple 
regression analysis for non-orthogonal data and reml analysis (for IBO) are 
shown in Table 5.1 (see sections 4.3.1, 4.3.2 and 4.3.3). For all traits except 
relative branch height, stipule length, leaf senescence and root to shoot dry 
weight ratio, the residual mean squares were reduced when the data were 
analysed as incomplete design. This reduction indicates that blocking was 
effective. 
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Table 5.1. Residual mean squares (ms) from the analysis of variance (for CBD), multiple regression and residual estimated maximum likelihood 
analyses (for IBD). Block within replication ms are given together with associated standard errors in brackets. Efficient %s due to 
blocking are also given. Full meanings of trait abbreviations are given in Table 3.1. 
ANALYSIS [OAYGJ [HT_l] [1-IT _2] [I-IT_3] [HT_4] [ROCOJ [NOBRJ [HTBRJ [REBHJ [PUBS) [INTEJ [SPLEJ 
Anova (CBD) ms 0373 7.'576 42.130 65.560 159.600 1.0'27 17.610 194.200 0.029 0.114 0.094 0.035 
M.Regl (IBD) ms 0.330 7.228 38.340 60.190 156.700 0.816 16.710 19'2.100 0.030 0.113 0.098 0.034 
Reml (IBD) ms 0.330 7.245 38370 60.240 156.600 0.817 16.740 191.400 0.029 0.113 0.098 0.035 
stand . error (0.025) (0.547) (2.907) (4.565) (11.840) (0.062) (1 .268) (14.490) (0.00'2) (0.009) (0.011) (0.003) 
Block.rep ms 0.048 0.366 4.146 5.877 3358 0.236 0.958 3.037 0.000 0.001 0.000 0.000 
stand. error (0.019) (0.277) (1.932) (2.902) (5.043) (0.070) (0.666) (5.973) (0.001) (0.003) (0.004) (0.001) 
Efficiency % 113.030 104.569 109.799 1~.831 101.916 125.704 105.197 101.46.3 100.000 100.797 95577 100.000 
ANALYSIS [SfFOJ [SESCJ [LEWTJ [STWTJ (SHWTJ (LE/Sf] [FIWTJ [HAWTJ [ROWTJ [FI/HA] (RO/SH] [TOWTJ 
Anova (CBO) ms 0.099 0.167 0.435 2.897 5.089 0.058 0.568 2.663 4.021 0.262 0.073 15.640 
M.Regl (IBO) ms 0.959 0.171 0.314 2119 3.579 0.057 0.521 2254 3303 0.253 0.073 11 .230 
Reml (IBO) ms 0.096 0.170 0.315 2.122 3.584 0.057 0.522 2258 3310 0.252 0.074 11 .250 
stand. error (0.007) (0.013) (0.024) (0.161) (0.273) (0.004) (0.040) (0.172) (0.252) (0.o19) (0.006) (0.856) 
Block.rep ms 0.003 0.000 0.137 0.884 1.721 0.001 0.051 0.453 0.805 O.o11 0.000 5.023 
stand. error (0.096) (0.005) (0.040) (0.245) (0.462) (0.001) (0.025) (0.158) (0.262) (0.009) (0.002) (1370) 
Efficiency % 102.804 97.944 138.290 136.522 141.992 101 .976 108.835 117.936 121.480 104.010 98.859 139.022 
1 Multiple regression 
Effective blocking was also indicated by the efficient percentages 
shown in Table 5.1. The percentages were calculated by determining the 
ratio of anova to reml mean squares as discussed in Chapter 4, section 4.3.3. 
Efficient percentages greater than 100% indicated effective blocking and 
those equal to or less than 100% indicated no blocking effect. Standard errors 
from reml analysis associated with residual mean squares and block-within-
replication effects are also given in Table 5.1. 
The importance of effective blocking was that the residual mean 
square from the reml analysis could be used in the calculation of 
approximate variance ratios (F-ratio) associated with either replications, 
provenances or families-within-provenances. For the traits in which 
blocking was not effective, residual mean squares from simple analysis of 
variance were used in the calculation of F-ratios. 
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Reml analysis provided efficient estimates of treatment means 
termed as best linear unbiased estimates (blues). For traits in which blocking 
was effective, the "blues" were used in constructing graphs, testing of 
correlations and in multivariate analysis. For traits in which blocking was 
not significant, means from analysis of variance were used. 
5.2.2 Rep Ii cation effect 
Five replicates were used in the experiment. For all traits, replication 
effects were significant at the 1 % level except for stipule length for which 
significance was at the 5 o/o level. The mean squares associated with 
replicates are shown in Table 5.2. Significant replicate effects were expected 
for the following reasons: 1) assessment of traits was done by replications 
and due to the large number of seedlings (500) and traits (24), it took several 
days to complete a set of measurements, 2) supplementary lighting at night 
was not uniformly effective since the large cabinets in the glasshouse 
shadowed some of the replications, and 3) there was a possible temperature 
gradient from one replication to another. 
5.3 Patterns of variation in traits of seedlings of F. albida 
Significant differences were observed for all traits assessed except for 
stipule length. The mean squares associated with replication, provenance, 
family and residual effects are shown in Table 5.2. Distinct differences 
existed between south-eastern and north-western provenances for some 
traits. Detailed discussions on the pattern of variation between provenances 
and family-within-provenance for all assessed traits are given in the next 
sections. 
5.3.1 Seed weight 
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The mean seed weight and coefficient of variation for each family and 
provenance are shown in Table 5.3. Provenance means in this character 
varied from 0.0565 to 0.1603 gm seed-1. The coefficients of variation (cv%) 
ranged from O % to 24.16 %. The values are means of the four samples from 
each family. Low cv%s reflected provenances in which bulk seedlots were 
used. Some values were less and others larger than the tolerance value of 4 
prescribed by International Seed Testing Association (1976). This meant that 
some samples were homogeneous and sampling was adequate whilst others 
were heterogeneous. 
Significant differences in seed weight were found among 
provenances (F = 3736; p < 0.01) (see Figure 5.1) and between families-
within-provenance (F = 116.9; p <0.01). The large variance ratios could be a 
result of the fact that some provenances had too few seeds for four separate 
samples. Provenances with smaller seeds showed a large family-within-
provenance variation (see Figure 5.21a). Taupye (2) provenance from 
Botswana showed an unusual smaller seed weight when compared to its 
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Table 5.2. Mean squares from univariate analysis for traits assessed in the glasshouse experiment. Residual mean squares are from either simple 
analysis of variance or reml depending on whether blocking was effective. Full meanings of trait abbreviations are given Table 3.1. 
Source of Of [OAYC] [HT_l] [HT 2) 
variation 
Replication 4 2.06** 318.17** 3881.99** 
Provenance 19 1.17** 214.31 ** 821.64** 
Family/ Prov 80 0.35 10.57* 63.7** 
Residual 396 0.33 7.25 38.37 
Source of Of [STFOJ [SESCJ [LEWT] 
variation 
Replication 4 0.27** 0.78** 2.49** 
Provenance 19 0.69** 1.81 ** 4.87** 
Family/ Prov 80 0.10 0.22 0.43 
Residual 396 0.10 0.17 0.44 
.... 
.. 
statistically significant at the 1 % level 
statistically significant at the 5 % level 
[HT_3] [HT 4) [ROCD] [NOBRJ [HTBRJ [REBHJ [PUBS] [INTE] 
5315.46** 1798.70** 29.07** 30.35** 185.1 ** 0.08** 0.44** 0.34** 
1404.98** 4925.00** 25.13** 117.1 ** 613.4** 0.064** 1.25** 0.69** 
96.19** 223.3* 1.08* 26.35* 169.60 0.03 0.12 0.08 
60.42 156.60 0.82 16.74 191.40 0.03 0.11 0.09 
[STWT] [SHWT] [LE/ST] [FlWTJ [HAWTJ [ROWTJ [Fl/HA] [RO/SH] 
59.44** 84.63** 0.52 .... 13.3** 45.59** 96.36** 4.02** 0.27** 
52.22** 87.01 ** 1.69** 6.04** 30.46** 58.31 ** 1.48** 0.33** 
3.14** 5.20* 0.05 0.58 3.27* 4.33 0.32 0.08 
2.12 3.58 0.06 0.52 2.26 3.31 0.25 0.07 
[SPLEJ 
0.15** 
0.03 
0.03 
0.04 
[TOWTJ 
359.56** 
279.24** 
15.48 
15.64 
southern neighbours and also had the largest coefficient of variation 
(24.16%) ( see Figure 5.21a). 
Table 5.3. Family seed weights and coefficients of variation based on four 
samples per family. 
No. Code Provenance fam 1 fam 2 fam 3 fam 4 fam 5 mean cv% 
1 Ku Kuiseb 0.14 0.13 0.15 0.16 0.17 0.15 9.68 
2 Ta Taupye 0.06 0.10 0.09 0.06 0.06 0.08 24.16 
3 Go Gonarezhou 0.18 0.12 0.15 0.16 0.15 0.15 14.45 
4 Lu Lukunguni 0.11 0.15 0.13 0.16 0.13 0.14 14.45 
5 Gk Gokwe 0.17 0.14 0.13 0.14 0.13 0.14 12.51 
6 Pt Palm Tree 0.16 0.16 0.15 0.19 0.14 0.16 12.31 
7 Ma Mana Pools 0.13 0.17 0.15 0.13 0.15 0.15 12.20 
8 Ka Kafue Flats • 0.15 0.15 0.15 0.15 0.15 0.15 1.28 
9 Cy Chiyenda 0.11 0.14 0.15 0.12 0.17 0.13 17.24 
10 Cl Chilanga 0.14 0.13 0.16 0.12 0.17 0.14 13.29 
11 Cn Chinzombo 0.11 0.12 0.13 0.14 0.13 0.13 7.83 
12 Bw Bwanje 0.12 0.15 0.14 0.13 0.13 0.13 8.83 
13 Lo Lodwar"' 0.11 0.11 0.12 0.12 0.12 0.12 1.58 
14 We Wenji • 0.12 0.11 0.12 0.12 0.12 0.12 1.64 
15 De Debrezeit • 0.11 0.11 0.10 0.11 0.10 0.10 . 3.39 
16 Ko Kokologho 0.06 0.06 0.06 0.06 0.05 0.06 9.21 
17 Mk Makary 0.06 0.07 0.08 0.07 0.07 0.07 8.12 
18 Bi Bignona 0.07 0.07 0.07 0.07 0.07 0.07 0.00 
19 Te Tera 0.04 0.06 0.06 0.06 0.06 0.06 16.15 
20 Ou Oursi 0.06 0.09 0.08 0.06 0.08 0.07 18.12 
* Bulked seedlots 
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Seed weight decreased from the south to the north (correlation 
coefficient, r = 0.794; p < 0.01) and from the east to the west (r = 0.721; p < 
0.01). For both coordinates, the quadratic relationships were much stronger 
than the linear relationships. This can be illustrated by the larger coefficients 
of determination (R2) expressed as percentages of variance accounted for by 
the regressions (see Appendix 5.1 for R2 values). A clinal pattern of 
variation in seed weight of F. albida was evident. A significant relationship 
also existed between seed weight and site temperature (r = 0.616; p < 0.01). 
Temperature was found to vary with latitude (r = 0.638; p < 0.01) and 
longitude (r = 0.551; p < 0.01) and thus appears to be the most important 
climatic factor influencing seed weight. 
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Fig. 5.1. Provenance means for seed weight based on the average of five 
families per provenance. (see Table 5.3 for provenance numbers) 
The change in seed weight with latitude is shown in Figure 5.2. There 
were three distinct groups of provenances based on seed weight. The two 
extreme groups formed the upland (north) and riparian (south) ecotypes 
proposed by Vandenbeldt (1991) whilst the third group (Lodwar, Wenji, 
Debrezeit) fitted into the proposed centre of origin (Ethiopian/Sudan 
highlands and the adjacent Lodwar valley in Kenya). The two ecotypes occur 
naturally close together in this area. 
Variation in seed weight of many tree species has been found to be 
correlated to the environment of the mother tree (Baker 1972). For F. albida, 
the relationship is probably a reflection of the marked influence of the 
specific habitat in which the seed trees grew. North-west Africa is drier and 
53 
hotter compared to south-east Africa. F. albida trees from the latter area 
grow along water-courses and hence have a good water supply. Apparently, 
there was no relationship between seed weight and the mean annual 
rainfall. This could be explained by the fact that the species depends mainly 
on underground water. 
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Fig.5.2. Change in number of seeds kg·1 and weight seed -1 with latitude. 
(r.= 0.794; p < 0.01). Full meaning of codes are given in Table 5.3. 
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The importance of variation in seed weight has been demonstrated in 
many tree species. Maternal effects expressed through seed weight may 
contribute to differences in early seedling growth. For example, Shivkumar 
and Barnerjee (1986) reported that provenances of Acacia nilotica with 
heavier seeds yielded plants with the best early height and diameter. This 
implies that seedlings from heavy seeds have an early competitive 
advantage over seedlings from light seeds. For F. albida , it is expected that 
seedlings derived from south and eastern seed sources would be bigger and 
show early vigorous growth. Identification of seed weight variation is 
important in that the trait can be used as a covariate in the analysis of 
variance for traits which are correlated to seed weight, for example, days to 
germination and early growth rate of seedlings. 
5.3.2 Days to germination 
There were significant differences between provenances in times of 
germination (F = 3.55; p <0.01). Variation associated with the family-within-
provenance was insignificant. Figure 5.21 b shows the coefficients of 
variation of this trait in relation to other traits. It is clear that days to 
germination was the least variable when compared to other traits. 
Number of days to germination was strongly correlated to the altitude 
(r = 0.632; p <0.01), longitude (r = 0.554; p <0.01) and temperature (r = 0.428; p 
<0.05) of the seed source. The correlation with latitude was very weak (r = 
0.226). Seed of provenances from the higher altitudes germinated faster than 
those from the lower altitudes. This is a common relationship in most tree 
species. For example Salazar (1986) showed a similar trend for seeds of 
Gliricidia sepium. To some extent, the early germination of seeds from 
higher elevations could be a matter of increasing moisture since Wenji (14) 
and Debrezeit (15) sources from the Ethiopian highlands which receive high 
rainfall germinated earlier than most of the provenances. The relationship 
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must however be interpreted with caution since the seeds from the different 
sources were collected at different years. 
Fast germination has been shown to be a competitive advantage in 
many plant species. In this study, time to germination was used as a 
covariate in the analysis of seedling height data. 
5.3.3 Height 
5.3.3.1 Analysis of height data using days to germination as covariate 
Table 5.4 shows the summary of the analysis of variance for height 
after 6 months data adjusted for days to germination. The covariate effect 
was significant across the four height measurements. Only the results of the 
final height are presented here. 
Table 5.4. Results of the analysis of variance for final height with days to 
germination as a covariate. Appendix 5.2 shows the adjusted and 
unadjusted means for the four height measurements. 
Source of variation df means square £-ratio £prob 
replicate 4 2414.9 15.63 <0.001 
provenance 19 4466.4 29.21 <0.001 
family. provenance 80 210.7 1.38 0.026 
covariate (DAYG)* 1 2793.3 18.27 <0.001 
residual 393 152.9 
* Days to germination 
Although the covariate effect was significant, the adjusted 
provenance means did not differ very much from the unadjusted means 
(see Appendix 5.2). The covariate was thus ignored in other analyses 
involving height data. Seed weight could also have been used as covariate, 
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but individual tree seed weights were not determined. Thus, seed data could 
not be analysed together with height data. 
5.3.3.2 Patterns of variation in height 
Significant differences were observed among the twenty provenances 
for the four height measurements even after analysing height data with 
days to germination as a covariate. Figure 5.3 shows the final mean heights 
for all the provenances. 
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Fig. 5.3. Best linear unbiased estimates of provenance means for final 
height. (Provenance numbers correspond to those used in Table 5.3) 
The existence of genetic variation is illustrated by the large F-ratios 
·-
associated with provenance effect for the four height measurements and the 
large family-within-provenance variation (see Table 5.5). For instance, at 
one month, the best provenance was 14.22 cm tall, while the shortest 
provenance measured 5.48 cm. At six months the tallest was 88.74 cm and 
the shortest was 43.85 cm (see Figure 5.3). Variation between individual 
families within-provenance was significant. Tera (19) provenance showed 
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the largest family-within-provenance variation for the second and third 
height measurements (see Figure 5.21c-f). 
Ranking of the four mean height measurements are shown in Table 
5.5. Generally southern provenances grew faster than northern 
provenances. The positions of the provenances in the rank order remained 
fairly uniform especially for those provenances from the extreme ends of 
the latitudinal range. For example, the most northern provenances (Oursi 
(20), Tera (19), Bignona (17), Makary (17) and Kokologho (16)) showed slower 
height growth than most of the southern provenances (Kafue (8), Gokwe 
(5), and Palm Tree (6)) across the four height measurements. 
Lodwar (13) and Wenji (14) provenances performed relatively well 
despite their mid-latitude distribution when compared to other 
provenances. Good performance of the Wenji provenance is consistent 
with results for height growth from a trial established in Zimbabwe 
(Wanyancha et al. 1991). 
Taupye (2) provenance which is the second most southerly source 
performed more-or-less similar to the northern group especially for the first 
three height measurements (see Table 5.5). This was unexpected, but could 
be explained by the relatively smaller seed size which is closer to that of the 
northern sources than southern sources (0.08 gm compared to 0.15 gm per 
seed for Kuiseb (1), the geographically nearest neighbour (see Table 5.3). The 
rank position of the same provenance improved quite substantially during 
the time to the fourth measurement. This could be explained by the fact that 
seed size might have influenced early height growth - the effect 
diminishing as the seedlings grew older. 
The correlation coefficients of the four height measurements with 
seed source parameters are shown in Table 5.8. The relation with longitude 
was stronger than that with latitude. Figure 5.4 shows the change in final 
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Table 5.5. Ranking and comparison using Duncan's Multiple Range test of the four height measurements of seedlings 
of the 20 F. albida provenances. Provenances followed by the same letter are not significantly different from 
each other. 
Provenances Height_l Provenance Height_2 Provenance Height_3 Provenance Height_4 
on on on on 
Bignona 55 a Koko log ho 14.7 a Koko log ho 22.7 a Kokologho 43.9 a 
Kokologho 5.6 ab Oursi 18.0 ab Oursi 27.4 ab Oursi 51 .6 ab 
Oursi 6.1 ab Makary 18.8 abe Bignona 29.2 be Bignona 52.4 b 
Makary 6.6 abe Bignona 20.1 cd Makary 29.7 be Ter,a 535 b 
Tera 7.1 abe Tera 22.9 cde Tera 33.0 cd Makary 57.0 b 
Taupye 9.3 d Taupye 24.2 def Taupye 38.S de Lukunguni 77.8 C 
Debrezeit 10.4 de Chinzombo 27.1 fg Chinzombo 40.3 ef Palm Tree 78.8 C 
Chinzombo 11.2 ef Debrezeit 27.7 fgh Lukunguni 40.3 ef Chinzombo 79.0 C 
Lukunguni 11.7 ef Lukunguni 28.2 fghj Mana Pools 42.4 efg Chilanga 792 C 
Mana Pools 12.1 efg Mana Pools 29.2 ghj Debrezeit 42.6 efg Mana Pools 80.0 C 
Bwanje 12.2 fgh Kuiseb 30.0 ghjk Kuiseb 42.7 efg Wenji 81.7 cd 
Chiyenda 12.3 fgh Chilanga 30.0 ghjk Lodwar 43.4 efgh Taupye 81.9 cd 
Gonarezhou 12.3 fgh Lodwar 30.6 ghjkl Chilanga 43.8 fgh Kuiseb 83.0 cd 
Wenji 12.4 fgh Chiyenda 31.3 hjkl Gonarezhou 44.6 fghj Bwanje 83.2 cd 
Chilanga 12.6 fghj Gonarezhou 31.S hjkl Palm Tree 44.7 fghj Gonarezhou 83.4 cd 
Kuiseb 12.7 fghj Palm Tree 31.6 hjkl Chiyenda 45.1 fghj Chiyenda 83.7 cd 
Palm Tree 12.9 fghj Bwanje 31.7 hjkl Bwanje 45.7 ghj Debrezeit 83.8 cd 
Gokwe 13.S ghj Wenji 32.0 jkl Wenji 46.6 ghj Lodwar 84.8 cd 
Kafue 13.9 hj Gokwe 34.0 kl Kafue Flats 47.9 hj Kafue Flats 85.7 cd 
Lodwar 14.2 J Kafue Flats 34.7 1 Gokwe 49.1 J Gokwe 88.7 d 
se 1.74 se 4.07 se 2.26 se 3.58 
cv% 16.23 cv% 14.97 cv% 12.80 CV% 10.71 
Prov. F-ratio 29.56 ,.,. Prov. F-ratio 21.41 ,.,. Prov. F-ratio 23.25 ,.,. Prov. F-ratio 31.45 ,.,. 
Fam. F-ratio 1.25,. Fam. F-ratio 1.66 ,.,. Fam. F-ratio 1.52 ,.,. Fam. F-ratio 1.42,. 
-, 
height growth with latitude. This pattern of variation in height growth with 
latitude is a common phenomenon in most forest tree species (Zobel and 
Talbert 1984). The latitudinal effects are apparently a common influence in 
the evolution of growth rate differences in trees species (Wells et al. 1990). It 
is expected that this strong differentiation with latitude and longitude 
corresponds to the climatic variation throughout the species range. All the 
four height measurements were positively correlated to altitude (p < 0.05 
for [HT_l and HT_2] and p < 0.01 for [HT_3 and [HT_4]) and negatively 
correlated to temperature (p < 0.01) (see Figure 5.5 and Table 5.8 for r 
values). For latitude, altitude and temperature (see Figure 5.4 and 5.5), the 
quadratic relations accounted for a large percentage of the variation across 
the four height measurements, whilst for longitude, the linear relationship 
was more powerful (see Appendix 5.2 for R2 values). 
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linear unbiased estimates for height of the seedlings at time of 
harvest (6 months old). 
Linear Y = 70.18 + 0.72 Lat (r = 0.748) 
Quadratic Y = 80.81 + 1.12 Lat - 0.06 Lat2 (r =0.843) 
t 
Mean annual rainfall and number of dry months in a year were not 
correlated to seedling height. This again confirms the observation that the 
species does not directly depend on precipitation for moisture requirements, 
but gains from underground water. A better explanatory variable to account 
for the relationship would be the depth of the water table as this factor 
appears to have a greater influence on growth of F. albida. The microclimate 
and environment of the specific habitat may have caused the variation 
resulting from natural selection favouring fast growth in the riparian 
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ecosystem and slow growth in the upland ecosystem. 
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There was a distinct decrease in height north of the latitude 12° lO'N 
coinciding with the Kokologho (16) provenance from Burkina Faso. This 
marks the line dividing the upland and riparian conditions under which 
the species grows. The observation supports the division of the species into 
two ecotypes (riparian and upland) as described by Vandenbeldt (1991) 
5.3.4 Branching characteristics 
5.3.4.1 Number of branches 
Significant differences were observed between provenances in the 
number of branches up the stem (F = 6.99; p <0.01). Mana Pools provenance 
(7) from Zimbabwe branched most profusely, followed by Debrezeit (15) 
from Ethiopia. Provenances from the mid-latitude range (Zambian and 
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Fig. 5.6. Best linear unbiased estimates of provenance means for branch 
number. (see Table 5.3 for provenance numbers) 
Malawian sources) had fewer number of branches compared to the sources 
from both extremes of the range. This is clearly illustrated in Figure 5.6 
which shows the best linear unbiased estimates of means for branch 
number. 
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The number of branches also differed between families-within-
provenance (F = 2.57; p < 0.05). The Kuiseb provenance (1) from Namibia 
exhibited a large coefficient of variation (see Fig.5.21g). Family 1 (OFI seedlot 
number 60/90/11) produced an average of ten branches compared to two or 
Plate 5.1.Variation in branch number and canopy form of seedlings from 
the Kuiseb provenance from Namibia. 
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less for the other families. The same family also produced secondary 
branches giving the seedlings a bushy appearance. Plate 5.1 shows the 
differences in canopy development of seedlings from the Kuiseb source. The 
observation was unusual since only one family differed in growth form 
from others. 
5.3.4.2 Height to first branch 
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Height to first branch was found to differ significantly between 
provenances (F = 3.20; p <0.01), but families within-provenance were not 
different. There was a clear pattern of variation in this trait with 
provenances from the north-west tending to produce branches close to the 
ground. The relationship with longitude (r = 0.709; p < 0.01) was more 
apparent than that with latitude (r = 0.299). The result provides evidence to 
the observation by Hocking (1987) that in the Sahel region, naturally 
regenerated seedlings tend to be prostrate initially until a stronger shoot 
becomes established. It would thus appear that north-west provenances 
evolved to produce branches close to the ground. Low branching would be 
beneficial to browsing animals as fodder is readily accessible. Family-within-
provenance variation as indicated by high cvo/o (Figure 5.21h) for height to 
first branch, was the greatest compared to other traits. 
Height to first branch was expressed as a ratio of the final height 
[HT_4]. There was no significant provenance or family-within-provenance 
variation in this ratio. Height to first branch appears not to be a function of 
seedling height. 
5.3.5 Root collar diameter 
Significant provenance differences in root collar diameter were 
observed (F = 24.48;p <0.01). Provenance means ranged from 3.66 mm in the 
north-west to 6.85 mm in south-east Africa. Figure 5.7 shows the root collar 
diameter "blues". Provenances north of Lodwar (13) provenance had 
distinctively smaller diameters than those from the south. 
Variation due to families was also significant (F= 2.05) at the 5 % level 
of significance. The range of family means across provenances is shown in 
Fig.5.2lj. Tera (19) provenance was the most variable with a cv% value of 35. 
Generally provenances from the extreme ends of the distribution range 
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showed greater family-within-provenance variation than those from the 
middle of the range in root collar diameter. 
Significant relationships existed with latitude (r = 0.927), longitude (r 
= 0.651) and temperature (r = -0.680), all at the 1 o/o level of significance. For 
latitude, the linear and quadratic regressions accounted for equal portions of 
the variation, about 85% (see Appendix 5.2). A clinal pattern of variation 
exisf in this trait. Figure 5.8 shows the change in root collar diameter with 
latitude. The relationship with latitude is again a reflection of the 
temperature conditions from which the seed was collected. 
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5.3.6 Stem characteristics 
5.3.6.1 Stem form 
Seedling stems exhibited a characteristic zig-zag pattern which ranged 
from almost straight to highly zig-zagged forms. A scale of 1 (straight) to 4 
(highly zig-zagged) was used. Provenances differed significantly in this trait 
(F-ratio = 7.16; p < 0.01). There was no clear pattern to the variation, 
although provenances from the extreme north-west tended to be more zig-
zagged than those from mid- latitude and south-east Africa (see Figure 
5.21k). Mana Pools (4) provenance from Zimbabwe showed an unusually 
high score for stem form more comparable to the north-west provenance of 
Tera (19) and Oursi (20). Figure 5.9 shows the best linear unbiased estimates 
of log-transformed means of stem form for the twenty provenances. There 
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was no significant family-within-provenance variation. Stem form was 
neither correlated to any of the geographic coordinates nor climatic 
parameters of the origin of the seed. 
The degree of zig-zagging influenced the openness of the seedling 
canopy. Provenances with lower scores had a more open canopy structure 
than those with a higher score. The pattern appears to disappear with age. 
As the seedlings grew older, the zig-zagging became more conspicuous in 
branches than in stems. In mature trees, new shoots and young twigs still 
1.5 I..sd = 0.18 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
south Provenances north 
Fig. 5.9. Best linear unbiased estimates of provenance log-transformed 
means for stem form. (see Table 5.3 for provenance numbers) 
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exhibit a marked zig-zagged pattern (Wickens 1969). The ecological 
significance of the pattern is not clear but, during seed collection missions in 
Zimbabwe, the author observed that branches tend to snap off more easily in 
highly zig-zagged branches. Obviously this becomes of practical importance 
when considering the easiness of harvesting fodder both by people and 
foraging animals. 
5.3.6.2 lnternode length 
South-east provenances differed significantly from north-west 
provenances for the average length of the internodes on either side of the 
point half way up the stem. The F-ratio associated with provenance effect 
was 7.63 (p < 0.01). Provenances from the south had longer internodes than 
those from the north. There was a distinct decrease in length from the 
Debrezeit provenance (15) in Ethiopia to Kokologho (16) provenance in 
Burkina Faso. Figure 5.10 shows provenance variation in the trait. Family -
within - provenance variation was insignificant. 
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Internode length was highly correlated to latitude (r = 0.774) and 
longitude (r = 0.809) both at the 1 % level of significance. The relationship 
with temperature was negative (r = -0.528; p < 0.05). The pattern of variation 
followed that of final height discussed earlier under section 5.3.3.2. This 
shows a positive relationship between internode extension and height 
growth. More details on association of various traits are discussed in the 
next chapter. 
Again internode length is of importance when considering the 
canopy structure of the seedlings. Seedlings from south-east Africa with 
larger internodes had a more open canopy than those from the north-west. 
5.3.7 Pubescence and stipule length 
5.3.7.1 Pubescence 
The significant variation in the presence (pubescence) or absence 
(glabrous) of hairs for the species was probably due to the fact that only two 
provenances, Palm Tree (6) from Zimbabwe and Makary (17) from 
Cameroon had no hairs (score = 1) on the stem tips on average. The rest of 
the provenances were pubescent. The F-ratio was 11.07. There was no 
significant differences between families within provenance for this trait. 
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As noted in Chapter 2, section 2.2, Nongonierma (1976) cited 1n 
Barnes and Fagg (1990) proposed four interspecific taxa based on material 
from north and west Africa and observed that Faidherbia albida spp. glabra 
var. pseudo -glabra produced seedlings that were glabrous. It can be expected 
that the Makary (17) provenance could fall into the subspecies glabra, since it 
comes from the same geographical area. The Palm Tree provenance (6), on 
the other hand behaved very atypically since all the surrounding sources 
were pubescent. This provenance is geographically isolated from the rest of 
the provenances in Zimbabwe forming a disjunct cluster. It is found on a 
farm outside Chinhoyi, the location of the provenance being very unusual 
for the species. The provenance is made up of nearly two hundred mature 
trees. Local people believe that the trees could have been planted a long time 
ago (R. Schley and K. Struthers, Muni Farm, Zimbabwe; pers. comm. 1989). 
5.3.7.2 Stipule length 
Provenances did not differ in this trait. However, smaller seedlings 
especially from the north-west tended to have longer stipules. The 
significance of stipules in differentiation of provenances becomes less 
important with age of the trees because they become vestigial or non-
existent in young twigs. 
5.3.8 Leaf characteristics 
5.3.8.1 Leaf number, area, weight and specific area 
Statistical analysis was done on leaf numbers. Mean values for leaf 
area, leaf weight and specific leaf area (SLA) for the different provenances 
are presented and discussed in this section. These traits were not subjected to 
statistical analysis because of their direct relation with leaf dry weight which 
is discussed in the next section. 
The number of leaves counted included senescent leaves. 
Provenances differed significantly in number of leaves produced (F= 7.61; p 
<0.01). Generally, north-west African sources produced more leaves than 
those from the south-east although the relationship was insignificant with 
latitude accounting for only 34% of the total variation (see Figure 5.11). 
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Northern provenances had smaller leaves com pared to southern 
sources. Table 5.6 shows the area per leaf (A), weight per leaf (W) and the 
specific leaf area (SLA) of the twenty provenanc~s. The smaller leaves from 
the north were dark green in colour and slightly thicker compared to those 
from the south. This is shown by the slightly higher values of SLA of the 
north-west compared to the south-east provenances. The significance of 
higher SLAs as a strategy of adaption to increasing aridity has been 
demonstrated in many plants (Koslowski 1984). Thus for F. albida , it would 
be reasonable to assume that sources from the north, close to or in the 
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Sahelian zone of Africa, are better adapted to seasonal droughts than those 
from south-east Africa. Leaves of seedlings from south-eastern sources had 
larger rachillas giving the seedlings an open canopy structure. 
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5.3.8.2 Leaf senescence 
Significant differences were observed among the provenances 
(F=4.76; p < 0.01) in time of leaf yellowing - a condition preceding leaf 
senescence (see Figure 5.12). Family-within-provenance effect was 
insignificant with the coefficients of variation almost equal (see Figure 
5.21m). 
Seedlings of southern origin showed signs of leaf senescence ear lier 
than seedlings from the north. The pattern of variation was a fairly smooth 
dine. Time of leaf senescence was positively correlated to latitude (r = 0.781; 
p < 0.01), longitude (r = 0.746; p < 0.01) and negatively to site temperature (r 
= -0.637; p < 0.05). 
Table 5.6. Leaf area, leaf weight and specific leaf area of the twenty 
provenances based on four leaf samples per seedling. 
Provenances Leaf area Leaf weight Specific leaf area 
(cm2) (gm) (cm2gm-1) 
A w SLA 
Kuiseb 4.33 0.04 131.3 
Taupye 5.41 0.03 159.6 
Gonarezhou 5.83 0.04 152.5 
Lukunguni 2.73 0.03 101.6 
Gokwe 4.44 0.03 147.8 
Palm Tree 3.89 0.03 130.2 
Mana Pools 6.23 0.04 156.6 
Kafue Flats 4.37 0.03 141.2 
Chiyenda 5.20 0.04 131.1 
Chilanga 4.64 0.03 135.5 
Chinzombo 5.18 0.03 161.4 
Bwanje 7.41 0.05 170.0 
Lodwar 4.97 0.03 157.8 
we·nji 4.31 0.03 146.7 
Debrezeit 4.47 0.03 169.3 
Koko log ho 2.14 0.02 161.1 
Makary 2.64 0.02 130.7 
Bignona 3.77 0.02 159.1 
Tera 2.51 0.02 132.8 
Oursi 2.83 0.02 171.4 
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There were no significant relationships with altitude, rainfall and 
number of dry months in a year (see Table 5.8 for r values). Figure 5.13 and 
5.14 show the relationship between the presence and absence of leaf 
yellowing among the provenances with latitude and temperature 
respectively. 
Theoretically, temperature appears to be the principal climatic factor 
which controls time of leaf defoliation in F. albida. Seedlings from the 
colder south showed leaf yellowing much earlier than those from the 
warmer north-west part of Africa. This could be explained partly by the 
warmer temperatures by extending leaf area duration (LAD). Clear skies and 
hence high levels of irradiance characteristic of the Sahel zone could also 
have caused the northern provenances to develop dark green leaves with 
long LADs. It would be logical to conclude that northern provenances retain 
leaves to make best use of the high level of irradiance which is conducive to 
efficient photosynthesis. 
The longevity and senescence of leaves on plants is probably 
determined indirectly by genetic factors (Wareing and Phillips 1982). For F. 
albida seedlings in this study, it appears that leaf senescence is strongly 
related to location and temperature of seed source. 
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Fig 5.12. Presence (score = 2) or absence (score = 1) of leaf yellowing among 
the twenty provenances of F. albida . (see Table 5.3 for provenance 
numbers) 
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5.3.9 Shoot and root dry weight traits 
The results of the analysis of variance for the traits associated with dry 
weight production are given below in Table 5.7. Variation in shoot traits is 
Table 5.7. Variance ratios for shoot and root dry weight traits. (**- significant 
at the 1 % level, *- significant at the 5% level, ns -non-significant) 
Source of variation [LEWT] [STWT] [SHWT] [LE/ST] [RO/SH] 
Provenance 11.07** 24.63** 24.30** 28.17** 4.71** 
Family /prov 1.00ns 1.48* 1.45* 0.83ns 1.14ns 
Source of variation [FIWT] [HAWT] [FI/HA] [ROWT] [TOWT] 
Provenance 11.62** 9.31** 4.63** 17.62** 17.85** 
Family /prov 1.16ns 1.45* 1.28ns 1.31ns 0.99ns 
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discussed first, followed by root traits and lastly root to shoot ratio and total 
biomass. The relationship between dry weight traits and seed source data is 
given at the end of the section. 
5.3.9.1 Shoot traits 
For a better comparison among provenances and for comparison of 
patterns of variation for leaf, stem, total shoot dry weights and leaf to stem 
dry weight ratio, the four graphs illustrating the variation are shown 
together in Figure 5.15. Analysis of variance showed that there were 
significant differences between provenances for all shoot traits at the 1 % 
level. Differences in stem and the total shoot dry weights for families-
within-provenance were significant at the 5o/o and 1 % levels respectively, 
whilst that of leaf dry weight and the leaf to stem dry weight ratio were 
insignificant. Stem dry weight gave the largest cv% (Figure 5.2lr-u) 
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of six months old F. albida seedlings grown in a glasshouse. (see Table 5.3 
provenance numbers. 
north 
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South-east provenances produced more shoot biomass than north-
west provenances (see Figure 5.15d). The result was similar to that reported 
by Sneizko and Stewart (1989) in which seed sources from southern Africa 
produced more biomass than those from northern Africa. The Lukunguni 
(3) provenance from Zimbabwe produced the largest shoot dry weight and 
Kokologho (16) provenance from Burkina Faso produced the smallest. 
An interesting picture emerged when the leaf to stem dry weight ratio 
was considered. Despite low shoot biomass production, the north-west 
provenances had a larger leaf to stem dry weight ratio than south-east 
provenances (see Figure 5.15c). Thus north-west provenances allocated 
more dry weight to leaves than to stems. Kokologho provenance (16) from 
Burkina Faso had an unusually low ratio compared to its northern 
neighbours. 
5.3.9.2 Root traits 
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Significant provenance differences were found for fibrous, hard, total 
root dry weights and the fibrous to hard root ratio at the 1 o/o level of 
significance (see Table 5.7 for F ratios) . Only hard root dry weight showed 
significant family-within-provenance variation. Figure 5.16 shows 
provenance variation in the four traits. For fibrous and hard root weights, 
the south-eastern provenances had high values compared to the north-
western provenances. Bwanje (12) provenance from Malawi and Lodwar · 
(13) provenance from Kenya showed the highest values for fibrous and hard 
root dry weight respectively, whilst Kokologho (16) provenance from 
Burkina Faso had the lowest values for the two traits (see Figure 5.16) . 
Although the family-within-provenance variation in fibrous root dry 
weight was insignificant, individual populations showed high values of 
coefficient of variation for this trait compared to other root traits (see Figure 
5.21v-y). 
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Fig.5.16. Best linear unbiased estimates of provenance means for fibrous root dry weight (a) 
hard root dry weight (b), log-fibrous to hard root ratio (c) and the total root dry 
weight (d). (see Table 5.3 for provenance numbers) 
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5.3. 9.3 Root to shoot ratio and total biomass 
Provenances differed significantly in the root to shoot ratio. North-
west provenances had a higher ratio than those from the south-east. Best 
linear unbiased estimates of provenance means of the ratio are shown in 
Figure 5.17. The result was consistent with the findings of Sneizko and 
Stewart (1989) who also found significant differences among provenances. 
Southern African sources produced seedlings with smaller root to shoot 
ratios compared to northern sources. There were also significant differences 
between provenances for the total seedling dry weight (see Figure 5.18). 
South-east provenances produced more total dry weight than those from 
the north-west. 
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Fig. 5.17. Provenance means for the root to shoot dry weight ratio. (see Table 
5.3 for provenance numbers) 
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5.3.9.4 Relation between dry weight traits and seed source data 
All the traits were significantly correlated to latitude, longitude and 
temperature of the seed origin. Table 5.8 shows the correlation coefficients. 
Hard root weight and the total root weight were negatively correlated to 
altitude at the 5 o/o level of significance. Appendix 5.2 shows R2 values from 
linear and quadratic regressions between traits and seed source data. 
Variation in leaf to stem ratio, fibrous to hard root ratio and root to 
shoot ratio with latitude and temperature are shown in Figures 5.19 and 5.20 
respectively. North-west provenances had higher values of the three ratios 
compared to the south-east provenances. The strong correlation suggest the 
presence of a clinal pattern of variation in the traits used in calculating the 
ratios. 
A higher leaf to stem dry weight ratio for the north-west seed sources 
would imply that the provenances have better photosynthesizing capacity 
80 
r 
r 
than those from the south-east. This fact, coupled with the observation that 
the north-west seedlings showed delayed senescence in relation to south-
east seedlings (refer to section 5.3.8.2), could explain why the former survive 
better in field trials especially in arid conditions (see Vandenbeldt 1991). 
Provenances from south-east Africa grow along water courses 
whereas those from the north-west grow away from rivers in arid areas. 
Tree species growing under arid conditions tend to invest more biomass in 
the roots than in the vegetative portion (see Kozlowski 1984). Thus for F. 
albida, it was expected that seedlings from the drier north would have a 
higher root to shoot ratio as an adaptation strategy to moisture limiting 
conditions. The development of a greater mass of finer roots (fibrous) on 
seedlings from the north may also be interpreted as a drought survival 
strategy. As with other traits discussed before, temperature appeared to be 
the important climatic factor controlling the variation observed in the 
ratios. 
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Figure 5.21 (a-y). Coefficients of variation for the traits assessed. The values are based on five 
family means per provenance 
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Table 5.8. Correlation coefficients between seedling traits and seed source data. Significance levels were based on 18 degrees of freedom. 
Full meanings of trait abbreviations are given in Table 3.1 on page 22. 
* 5% > r = 0.444 
** 1 % > r = 0.561 
[SEWT) [DAYG] [HT_l] [HT_2] [HT_3] [HT_4] [ROCD] [NOBR] [HTBR] [PUBS] [INTE] [SPLE] 
latitude 0.794 .... 0.226 0.710** 0.695** 0.748** 0.748* .. 0.927** 0.209 0.299 0.108 0.774* .. 0.335 
longitude 0.721 * .. 0.554 .... 0.854** 0.859** 0.882** 0.882 .... 0.651 ** 0.250 0.709* .. 0.367 0.809 .... -0.188 
altitude 0.297 0.632 .... 0.465* 0.553* 0.568** 0.568** 0.172 0.299 0.381' 0.079 0.293 0.047 
rainfall 0.046 0.068 0.023 0.107 0.026 0.026 -0.138 -0.035 0.026 0.120 0.080 -0.339 
temperature 0.616 .... 0.428* -0.608 .... -0.677 .... -0.723 .... -0.723 .... -0 .680** 0.023 -0.282 -0.108 -0.528* 0.149 
no.mths<60mm 0.091 0.053 0.023 0.074 0.002 0.002 0.264 -0.098 -0.205 0.032 -0.036 0.198 
[STFO] [SESC] [LEWT) STWT] [SHWT] [LFJST] [FIWT] [HAWT] [Fl/HA] [ROWT] [RO/SH] [TOWT] 
latitude -0.228 0.781** 0.710 .... 0.850** 0.829** -0.795 .... 0.758 .... 0.577* .. -0 .790 .... 0.663 .... -0.846 .... 0.777...,. 
longitude -0.428 0.746** 0.809** 0.786** 0.800 -0.803 .... 0.782** 0.875** -0.557* 0.885** -0.403 0.852* .. 
altitude -0.331 0.392 0.404 0.338 0.355 -0.430 0.416 0.525* -0.251 0.507* -0.012 0.429 
rainfall 0.244 0.005 0.003 -0.089 -0.071 -0.006 0.037 0.099 0.046 0.083 0.290 -0.002 
temperature 0.418 -0.637 .... -0.581** -0.679 .... -0.663** 0.716 .... -0.726 .... -0.557 .. 0.710 .... -0.630* .. 0.556* -0 .659 .... 
no.mths<60mm -0.009 0.092 -0.048 0.153 0.110 -0.122 -0.031 -0.075 -0.059 0.067 -0.382 0.031 
r 
CHAPTER6 
Correlations among traits of Faidherbia albida seedlings and the grouping of 
provenances into regions using multivariate analysis 
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This chapter examines the phenotypic associations between traits 
assessed in the glasshouse study. The association between traits is shown by 
correlation coefficients as described in Chapter 4, section 4.3.5. For 
relationships with survival and productivity significance, scatter diagrams 
were constructed to show the spatial ranking of the provenances. The 
significance of the correlations in terms of selection are discussed. 
Results of the canonical multivariate analysis are also presented in 
this chapter (see section 4.3.6). Traits not highly correlated from the above 
analysis were used in multivariate analyses. The traits were combined in 
such a way as to divide the provenances into distinct groups. 
6.1 Correlation among traits 
Highly significant simple linear phenotypic correlations were found 
to exist between several traits. Table 6.1 shows the correlation matrix for the 
traits assessed. Seed weight was found to be positively correlated with all 
other traits at the 5 % level of significance except for leaf number, stem 
form, stipule length, pubescence and branch number. Strong relationships 
existed with root collar diameter (r = 0.851) and height (r = 0.818). Figures 6.1 
and 6.2 show the relationship between seed weight and final height and root 
collar diameter respectively. 
Seed weight was also correlated with biomass production. Those 
seedlings that originated from heavier seeds produced the most dry weigh·t. 
The correlation coefficient with total biomass was 0.855 and this was 
a) 
a) 
Table 6.1. Correlation matrix for all the traits measured in the glasshouse trial. Full meanings of trait abbreviations are given in 
Table 3.1 on page 22. 
[SEWf] [DA YGJ [ROCDJ [Hr 4 J [BRITT] [LENO) (STf0] (SESCJ ONTEJ (SPLEJ (PUBS) (BRNO) lSTWil [LEWfJ [LE/ST) (SHWTJ lAWf) [HAWf) [A/HA) [ROWf) [RO/SH) rrowrJ 
[SEWfJ 1.000 
[DAYGJ -0.417 1.000 
[ROCDJ 0.851 -0.407 1.000 
[I-IT_ 4) 0.818 -0.586 0.855 1.000 
[BRHfJ 0.436 -0.282 0.491 0.649 1.000 
[LENO) -3.270 -O.o.56 -0.462 -0.183 0.161 1.000 
(STFOJ -0.127 0.082 -0.269 -0.418 -0.359 -0.022 1.000 
(SESCJ 0.736 -0.559 0.816 0.842 0.494 -0.276 -0.373 1.000 
[INTEi 0.819 -0.502 0.877 0.917 0.686 -0.269 -0.337 0.824 1.000 
(SPLEJ -0.391 0.663 -0.488 -0 .438 -0.065 0.279 -0.070 -0.471 -0.489 1.000 
[PUBS) 0.146 -0.072 0.199 0.174 0.362 -0.160 0.050 0.123 0.214 0.190 1.000 
[BRNO) -0.036 -0.170 -0.070 0.148 0.362 0.844 0.004 0.083 0.146 0.030 -0.023 1.000 
[SlWf] 0.874 -0.506 0.959 0.939 0.614 -0 .288 -0.329 0.860 0.928 -0.415 0.233 0.101 1.000 
[LEWfJ 0.835 -0.432 0.867 0.916 0.759 -0.125 -0.301 0.716 0.934 -0.351 0.243 0.241 0.913 1.000 
[LE/ST) -0.4~ 0.560 -0.482 -0.450 -0.109 0.152 0.191 -0.587 -0.440 0.430 -0.274 -0.104 -0.559 -0.387 1.000 
[SIIWfl 0.875 -0.494 0.949 0.944 0.653 -0.256 -0.327 0.837 0.940 -0.404 0.238 0.133 0.997 0.959 -0.528 1.000 
[flWf) 0.783 -0.428 0.876 0.890 0.681 -0.290 -0.455 0.768 0.880 -0.401 0.279 0.036 0.922 0.910 -0.490 0.930 1.000 
[HAWf] 0.761 -0.583 0.727 0.936 0.624 -0.025 -0.401 0.770 0.889 -0.413 0.160 0.301 0.862 0.865 -0.477 0.872 0.800 1.000 
[Fl/HAI -0.669 0.232 -0.825 -0.685 -0.497 0.452 0.338 -0.615 -0.678 0.342 -0.242 0.172 -0.776 -0.737 0.377 -0.777 -0.888 -0.469 1.000 
[ROWf) 0.802 -0.554 0.811 0.963 0.668 -0.119 -0.438 0.805 0.927 -0.424 0.207 0.223 0.924 0.919 -0.508 0.933 0.902 0.980 -0.629 1.000 
[RO/SH1 -0.733 0.213 -0.867 -0.619 -0.364 0.455 0.040 -0.582 -0.653 0.281 -0.120 0.139 -0.752 -0.694 0.188 -0.748 -0.656 -0.397 0.787 -0.500 1.000 
(TOWfJ 0.856 -0.527 0.903 0.968 0.669 -0.202 -0.385 0.836 0.950 -0.420 0.227 0.173 0.981 0.956 -0.530 0.987 0.933 0.936 -0.723 0.979 -0.647 1.000 
(SEWT) (DA YGJ (ROCDJ (HT _4} (BRHT) (LENOJ (STFOJ (SESCI (INTEi (SPLEI (PUBS) (BRNOI (STWTJ (LEWTJ (LE/ST) (SHWTI (FIWT) (HA WT) (FUHA) IROWTI (RO/SHI (TOWTI 
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reflective of the relationships with the various components that made up 
the total biomass, ie, stem and leaf dry weight, fibrous and hard root dry 
weights (r ranges from 0.761 to 0.875, see Table 6.1). The relationship with 
leaf to stem dry weight ratio, fibrous to hard root dry weight ratio and the 
root to shoot weight ratio were negative and significant. 
Height was also significantly correlated to most of the traits and the 
correlation coefficient values are given in Table 6.1. The relationship with 
the root collar diameter (r = 0.855) was as expected. There are many reports 
on the positive relation between tree height and trunk diameter for many 
tree species (Zobel and Talbert 1984). The relationships with biomass 
parameters as discussed for seed weight were also significant. Figure 6.3 
shows the correlation coefficients of several traits with height at different 
growth periods. The relationships were repeatable over the four height 
measurements. 
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Taller seedlings from south-east Africa had smaller leaf to stem and, 
fibrous to hard root, and root to shoot dry weight ratios than those from the 
north-west. The ratios are important in adaptation to dry environments 
particularly the root to shoot ratio. For most species, trees with a high root to 
shoot dry weight ratio are better adapted to dry environments (as noted by 
Kozlowski 1984). Thus despite the fact that F. albida seed sources from the 
south-east are more productive (in terms of height growth and total 
biomass) than those from the north-west, they are less well adapted to dry 
environments. This statement is supported by the report of Vandenbeldt 
(1991) who observed that southern provenances exhibited higher mortality 
than western provenances when soil moisture became limiting in a trial in 
Senegal, West Africa. Thus for F. albida, tree improvement programmes 
may have to compromise between fast height growth and low root:shoot 
ratio. Figure 6.4 shows the relationship between final height and the root to 
shoot ratio. The provenances have been divided into four quadrants. 
Provenances falling into the second quadrant combined good height growth 
and high root to shoot ratio that might give them a competitive advantage 
in the field. 
Another association that is important for tree survival is that 
between leaf senescence and the three ratios. South-east seed sources 
showed early leaf yellowing. The same provenances also had low values of 
the three ratios. The relationships between leaf senescence and the ratios are 
shown in Figure 6.5. 
Drawing conclusions from the findings of Vandenbeldt (1991) that 
north-west trees outlived those from the south in a trial on a dry site in 
Senegal, it can be inferred from the above association that leaf senescence 
coupled with low root to shoot ratio could be the reason why southern 
provenances survive poorly in this low-resource environment. 
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Leaf number was positively correlated to branch number. Seedlings 
with more branches had more leaves. Mana Pools (7) provenance from 
Zimbabwe and Debreizet (15) provenance from Ethiopia produced a lot of 
branches and subsequently had more leaves than the rest of the 
provenances. 
In general, it may be concluded that over generations of selection, the 
correlations among traits are highly susceptible to change as well as to very 
poor initial estimation (Bohren et al. 1966). To effectively select for many 
traits simultaneously, it is required to understand the mechanisms 
invoking the correlations to predict their changes as well as to modify them. 
For F. albida, taking leaf to stern dry weight and root to shoot ratios as 
examples, it can be demonstrated that the ratios depend on leaf senescence 
hence the time of the season. Thus relations with other traits are bound to 
vary with time of assessment. 
6.2 Canonical variate analysis 
6.2.1 Provenance regions 
In the analysis, six specified groups out of the twenty provenances 
were created on a priori basis of geographical proximity and site ecological 
parameters (refer to section 4.3.6). The creation of priori groups is a 
requirement of the analysis which eventually discriminates between the 
groups and creates new combinations based on between-group and within-
group variation (Manly 1986; Payne et al. 1987) For example, the Kuiseb (2) 
provenance was placed into its own group because it occurs in a desert 
location. On the next page is Table 6.2 showing the six provenance groups. 
6.2.2 Canonical variates created and their significance 
Provenance means were used in the analysis because the provenance 
effect was highly significant for most of the traits. Four canonical variates 
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(cv 1-4) or axes, were created and the total percentages of variation accounted 
for by each are shown in Table 6.3. The effects or loadings of each trait on the 
four axes are also shown in Table 6.3. 
Table 6.2. Regions of provenances created on the basis of geographical 
proximity and ecological parameters for multivariate analysis. 
Regions 
1 
2 
3 
4 
5 
6 
Kuiseb 
Taupye 
Provenance 
Gonarezhou, Gokwe,Lukunguni, Palm Tree, Mana 
Pools, Kafue 
Chiyenda, Chilanga, Chinzomba, Bwanje 
Lodwar, Wenji, Debrezeit 
Kokologho, Makary, Bignona, Tera, Oursi 
The percentages represented the importance of the successive 
canonical variates in the analysis, although their biological significance may 
not be reflected. The first canonical variate accounted for most of variation. 
The latent roots of the first three axes were greater than one (see Table 6.3) 
suggesting that the canonical variates differed in more than one dimension. 
The root to shoot ratio contributed the most weight across the first three 
variates. This meant that provenances could be easily grouped based on the 
root to shoot ratio. The implication that was assumed here was that F. albida 
provenances could be easily differentiated into populations based on dry 
matter production and on the allocation of this dry matter to different parts 
of the seedlings. Days to germination became more significant in the fourth 
canonical variate. This axis was interpreted as being related to early survival 
and competition. 
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Table 6.3. Canonical variate loadings weighted from nine selected traits 
together with the latent roots and percentages of variation 
accounted for by each axes. 
Traits 
Days to germination 
Final height 
Branch height 
Branch number 
Leaf number 
Leaf to stem ratio 
Fibrous to hard ratio 
Root to shoot ratio 
Total dry weight 
Latent root 
Percentage variation 
CV 1 
-5.15 
-0.78 
0.04 
-0.86 
0.10 
10.35 
0.36 
22.22 
2.12 
77.01 
88.05 
cv2 
-0.11 
-0.21 
-0.19 
0.32 
-0.07 
-0.12 
-0.88 
-17.67 
0.35 
8.10 
9.26 
6.2.3 Division of provenances into groups 
cv3 
-2.29 
-0.22 
-0.07 
-0.05 
-0.05 
4.61 
-4.52 
17.56 
1.34 
1.66 
1.89 
cv4 
3.60 
0.32 
0.07 
0.07 
-0.02 
-2.71 
-2.09 
2.96 
-1.63 
0.54 
0.54 
The first canonical variate (cv 1) was plotted against the second (cv 2) 
and the graph is shown in Figure 6.6. It is clear that the twenty provenances 
can be divided into three major groups based on the geographical location 
and growth patterns of the species. 
Mahalanobis' distances (D2) between the six ecological regions 
described earlier in section 6.2.1 are given in Table 6.4. The magnitude of 
each distance between any pair of groups indicates the degree of similarity, 
but not necessarily a true relationship in genetic sense, based on the nine 
traits. A low D2 distance between two groups indicated a relatively high 
degree of similarity, while a high distance indicated dissimilarity (see 
Squillace 1966). Thus regions 1, 2, 3, and 4 were similar and dissimilar to 5 
and 6. Region 5 was somewhat intermediate. This is made up of the 
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provenances of Lodwar (Kenya), Wenji and Debrezeit (Ethiopia) which 
happen to come from the proposed centre of origin of the species. 
Table 6.4. Inter-group distances between the six regions of provenances. 
Regions 
1 
2 
3 
4 
5 
6 
Regions 
The larger the distance between the regions, the greater the 
dissimilarity. 
0.000 
4.667 0.000 
3.343 3.082 0.000 
6.625 4.719 4.045 0.000 
12.017 9.077 8.709 6.798 0.000 
20.621 19.039 18.091 15.477 14.003 0.000 
1 2 3 4 5 6 
The results showed that the traits assessed could be combined to 
maximise the differences between provenances. Th us the six regions of 
provenances could be divided into three groups which follow the 
geographical location of the seed sources (see Figure 6.6). The first group is 
made up of the provenances from north-west Africa. These were Kokologho 
and Oursi (Bukina Faso), Tera (Niger), Bignona (Senegal) and Makary 
(Cameroon) . The provenances are all from the Sahelian zone. The trees in 
this area grow on upland areas away from the river courses often associated 
with post cultivation vegetation (Giffard 1964). 
The second group is made up of the seed sources from south-east 
Africa. The strong affinity within this group was most likely due to the 
similar ecological habitat of the species throughout the region. The species is 
always associated with the large rivers, perennial water courses and alluvial 
valleys . The Taupye (2) provenance from Botswana, although showing a 
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light seed weight uncharacteristic of the southern sources (see section 5.3.1), 
showed strong affinities with the group (see Figure 6.6). 
The third group is made up of the three provenances which were 
Wenji, Debrezeit (Ethiopia) and Lodwar (Kenya). The first two sources are 
largely montaine type and are seemingly independent of perennial ground 
water (Miehe 1986). The nearby Lodwar provenance occurs in a valley which 
is part of the Eco-climatic zone V of East Africa - a southern extension of a 
large belt of arid land which encircles the Ethiopian/Sudan highlands (Pratt 
and Gwynne 1977). Thus the two ecotypes occur naturally close together in 
this area. The two sources receive the highest amount of mean annual 
rainfall. Lodwar provenance occurs in the Turkwel river valley which 
experiences a bimodal rainfall distribution which peaks in April and 
November. 
The formation of groups was both logical and clear. The pattern in the 
grouping could be explained by the fact that each region has a specific 
ecosystem. The grouping of provenances follows the division of the species 
into two ecotypes as described by Vandenbeldlt (1991) who also proposed 
Ethiopia and Sudan as the centre of origin. Similarly, Joly (1991) separated 
the species into west and east African based on genetic distances. Thus the 
result here shows that F. albida in Africa could be divided into three groups 
I 
o 0 
which have evolved _ta-- adapted to different ecological conditions. The 
implications of such a division are discussed as part of the overall 
conclusion and recommendations in Chapter 8. 
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Fig 6.6. Plot of the first and second canonical variates. The twenty provenances of 
Faidherbia albida from Africa were divided into three distinct groups. 
(see Table 5.1 for provenance codes) 
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CHAPTER7 
Heritability values for Faidherbia albida and their significance 
The theory behind the calculation of heritability was discussed under 
the analysis section (see section 4.4). In this chapter, provenance and family 
narrow-sense heritabilities are examined and the significance of the values 
in the genetic improvement of the species discussed. 
7.1 Formulae used to calculate heritabilities and standard errors 
The estimation of variance components and the calculation of 
heritabilities was discussed in Chapter 4, section 4.4. The formulae for 
calculating narrow-sense heritabilities and standard errors are presented 
here for easy reference. The general formula for calculating individual tree 
heritability is given below. 
h2, = 
l 
cr2 + cr2f+ cr2 + cr2 e p r 
(Wright 1976; Zobel and Talbert 1984) 
where cr2e (error), cr2f (family), cr2P (provenance) and cr2r (replicate) are the 
variance components as discussed in section 4.4. In addition to individual 
tree heritabilities, family heritabilities were also calculated using the 
formula given below. 
h2f = 4 cr2P 
cr2e + cr2f/5+ cr2p/20+ cr2r/5 
(Wright 1976) 
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The respective variances were divided by the number of families per 
provenance (5), the number of provenances (20) and the number of 
replications (5) since family heritability is the average of families within-
provenance (Wright 1976; Zobel and Talbert 1984). 
A genetic correlation of 4 is usually used for half-sib families (Zobel 
and Talbert 1984). However, for Faidherbia albida, the genetic correlation 
must change because the seeds from one pod may be full-sibs due to related 
mating as described by Muona et al. (1990). This is so because pollen in 
acacias is transported as composite pollen grains known as polyads. F. albida 
has 26-32 pollen grains (monads) per polyad, whereas most acacias have 16 
(Polhill and Raven 1981). Thus a stigma may be pollinated by only one 
polyad resulting in full-sib seeds in one pod (Knox and Kenrick 1983), and it 
is therefore, necessary to correct for this paternal relatedness. In a similar 
calculation of heritability for Acacia mearnsii, Bleakley and Matheson (1989) 
used the value 3, and in this case, the same value was used. Realistically, the 
value could be less than 3 because F. albida has more monads per polyad 
than most acacias. 
Heritabilities are only estimates and are calculated with an error. The 
formula for estimating standard errors for family heritability of a sample of 
trees used by Wright (1976) is given below 
s.e (h2> = (1 - t)(l + F.P.R. t) 
[(F.P.R)(F - 1) /2]1/2 
where t is the intraclass correlation, 
t = a2 p 
·a2 + a2 (Becker 1984) p e 
and F, P and R are the number of families per provenance, number of 
provenances and number of replications respectively. 
r 
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7.2 Trait heritability values 
Family and individual tree heritabilities together with associated 
standard errors are presented in Table 7.1. For all traits, family heritabilities 
were higher than individual tree heritabilities. This was expected because 
family heritabilities are based on averages estimated from a sample of many 
progenies (Zobel and Talbert 1984) and in this study, each provenance was 
made up of 25 progenies. The higher values of family heritabilities suggest 
that the differentiation of provenances does not reflect large family-within-
provenance variation. A similar result was found for Acacia mearnsii by 
Bleakley and Matheson (1989). High family heritabilities were a reflection of 
the large percentage of variation associated with the provenance effect 
compared to family-within-provenance effect. 
Some individual tree heritabilities were assigned a value of zero (see 
Table 7.1). This was due to negative estimates of family variance component 
(cr2f). This happened when the mean square residual associated with the 
provenance (MSP) was less than the family mean square residual (MSt) (see 
Table 4.4 in section 4.4 for equations). Since the estimates are variances, they 
cannot, in theory be negative and various procedures exist for correcting the 
situation. The simplest procedure, though not accurate, is to treat negative 
variance components as zero (Burley and Wood 1976) 
Height after one month showed a higher value of family heritability 
than height after two and three months (see Table 7.1). This decrease in the 
heritability value could be attributed to the increase in the environmental 
variance component for the last three height measurements. The large 
environmental variances (see Table 7.1) were probably due to the fact that as 
the seedlings got bigger, the replicate effect became more apparent. As 
pointed out by Zobel and Talbert (1984), the environment does influence 
heritability and values for one trait may vary from time to time and from 
., 
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Table 7.1 Estimates of family heritabilities (h2f) and individual tree (h2i). Variance components (a2) used in calculating 
heritability and the standard errors of provenance heritability are presented. 
Traits Family Individual S.E Replication Provenance Family Error 
(h2f) (h2i) of h2f (a2r) (a2£) (a2f) (o2e) 
days to germination 0.18 0.02 0.12 0.18 0.04 0.00 0.33 
height_ l 0.66 0.04 0.13 20.77 10.19 0.66 7.25 
height_2 0.14 0.02 0.13 612.07 37.90 '5.07 38.37 
height_3 0.18 0.02 0.05 782.20 65.44 7.15 60.42 
height_4 1.44 0.08 0.12 0.00 235.09 12.74 159.60 
branch height 0.25 0.00 0.05 0.00 21.10 0.00 191.40 
no. branches 0.49 0.21 0.12 0.00 4.54 1.92 16.74 
root collar diameter 0.88 0.05 0.09 0.79 1.20 0.05 0.82 
pubescence 0.84 0.03 0.12 0.00 0.06 0.00 0.11 
intemode length 0.63 0.00 0.10 0.00 0.03 0.00 0.09 
stem form 0.57 0.00 0.09 0.00 0.03 0.00 0.10 
senescence 0.77 0.10 0.11 0.00 0.08 0.01 0.17 
leaf dry weight 0.84 0.00 0.11 0.00 0.22 0.00 0.44 
stem dry weight 0.99 0.08 0.13 1.44 2.45 0.20 2.12 
fibrous root weight 0.30 0.01 0.12 1.45 0.27 0.01 0.52 
hard root weight 0.50 0.07 0.12 3.03 1.36 0.20 2.26 
root dry weight 0.49 0.04 0.13 7.61 2.70 0.20 3.31 
fibrous/hard ratio 0.17 0.04 0.08 0.51 0.06 0.01 0.25 
rooot/ shoot ratio 0.37 0.06 0.07 0.00 0.01 0.00 0.07 
total dry weight 0.73 0.00 0.13 16.06 13.18 0.00 15.64 
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place to place. For example, Billand (1992) calculated heritability values 
(height at 6 months = 0.36 +/- 0.04 and root collar diameter at six months = 
0.22 +/- 0.03) for F. albida which differed from those given in Table 7.1 for 
the same traits ( h2f (height_ 4) = 1.44 + /- 0.12 and h2f (root collar diameter = 
0.88 + /-0.09) at approximately the same age. 
The family heritability estimate for height after six months was 
greater than one (h2f =1.44), but heritability cannot be greater than one (Zobel 
and Talbert (1984); Falconer (1981). Thus the value of 1.44 was an 
overestimate and highlights the imprecision of estimating heritabilities. 
Similar overestimations have been found elsewhere, eg., for black walnut 
height at age 8 in which the value was 1.25 (Mckeand 1978; cited in Zobel 
and Talbert 1984). 
7.3 Use of heritability estimates 
Estimates of heritability are of importance in estimating gains that can 
be obtained from selection programmes. Generally high values of 
heritability were obtained for most of the traits. This implies that F. albida 
can be improved through selection at the provenance level since much of 
the variation observed was genetic in origin. 
From the result, it appears that large gains can easily be made in 
selecting for height, root collar diameter and biomass production. 
Heritabilities for traits with adaptive and survival significance (root to shoot 
ratio and fibrous to hard root ratio) were fairly low. Again, the advantage of 
selecting for such traits can be fully realised by growing the species in 
contrasting environments and selecting for suitable site-specific genotypes. 
Some traits like time of leaf senescence are influenced by the environment, 
and the heritabilities are bound to change from time to time. Thus selection 
of such a trait must be done under different environments to capture 
genotypes that are superior in a particular environment. 
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7.4 Interpretation of heritability estimates of F. albida 
The values for heritability must be interpreted with caution. The 
values cited here are for young plants and could change as plants age. 
Because of the polyad mechanism of pollination and mating correlations, 
there is a high possibility that most of the seeds from one pod are related 
(having the same paternal parent). The use of the genetic coefficient value 
of 3 is purely theoretical. A more accurate value must be calculated taking 
into consideration the correlated mating. The work is beyond the scope of 
this thesis. In fact, the estimates here are probably too large since a lower 
value than 3 might well be found to be appropriate in the future. 
CHAPTERS 
Summary and conclusion of the seedling variation study 
and the breeding strategy for Faidherbia albida 
8.1 Summary and conclusions of the genetic study 
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Data were collected on twenty four traits from seedlings raised for six 
months in a controlled environment glasshouse. Analyses of variance were 
used to determine the relative proportions of variance associated with 
provenance and family-within-provenance. Graphs of means or best linear 
unbiased estimates of means were used to elucidate patterns of variation 
between the twenty provenances and to show how they differed from each 
other. Variation between families-within-provenances was shown by 
plotting the coefficients of variation for each provenance and for each 
measured trait. 
Regression analysis was employed to study the relationships between 
traits and seed source data. Simple correlations were done to determine 
phenotypic association among the traits. Multivariate analysis using the 
canonical variate method was done to see how the traits could be combined 
together to group the provenances and maximise the differ en tia tion 
between the groups thus formed. 
The study has determined the existence and patterns of geographic 
variation for twenty four morphological and physiological traits in seedlings 
of Faidherbia albida . The patterns were correlated with geography and 
climatic data of the seed source. Calculation of genetic parameters revealed 
high heritability values. The major findings were detailed in Chapters 5, 6, 
and 7. The findings are summarised here: 
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1. All the traits, except stipule length, showed significant differences 
associated with provenance. Family-within-provenance effect was also 
strong for some traits such as branch number and height to first branch, 
while relatively weak for others such as the dry weight traits. For all traits 
the variation between provenances was always larger than that for family-
wi thin-provenance. 
2. Family-within-provenance variation tended to be higher in the 
populations from the extreme ends of the distribution range. This was 
presumably due to severe environmental factors, which fluctuate greatly 
with time, experienced by the sources close to the Sahara desert in the north 
and the Namibian desert in the south. 
The large within-provenance variation might also be due to the 
development of polyploid variants of the species in the drier and harsher 
environments. Fagg and Barnes (1990) have reported on . the possible 
existence of tetraploids in F. albida, and there is speculation in literature 
about polyploids being more adaptable to harsh environments. For example, 
Moran et al. (1992), reported on the existence of polyploid races of Acacia 
holosericea in the dry inland regions of the Northern Territory, Australia. 
Thus there is some possibility that the variable provenances at the extremes 
of the range could be polyploids, but this needs to be checked. 
3. Most traits showed clinal or continous variation with a north to 
south trend. The pattern was strongly evident in height, root collar 
diameter, time of leaf senescence, root to shoot ratio and total seedling 
biomass. The pattern apparently resulted from adaptation to gradients in 
environmental and ecological factors. A strong relationship existed with 
latitude and longitude of the seed sources. This was reflective of the relation 
of the traits with temperature which was highly correlated to the 
107 
geographical position. The upland and riparian ecosystems in which the 
species grows in northern and southern Africa respectively, may also have 
caused the observed trends . The result emphasizes the point that the 
genetically-based variation is associated with habitat. The strong ecological 
specificity resulted in variation which can be viewed as steps with an overall 
north-south cline. The differences between provenances became fixed 
genetically as revealed in the glasshouse study. 
4. Random variation was evident 1n some disjunct populations. For 
example, the Palm Tree provenance, near Chinhoyi in Zimbabwe, had 
glabrous tips and leaflets whilst all the other surrounding sources were 
pubescent (see Chapter 5, section 5.3.7.1). The Taupye provenance from 
Botswana had an unusually low seed weight compared to its southern 
neighbours. 
5. The ranking for growth rate of F. albida provenances grown under 
contrasting climatic conditions in north Africa (Niger, Niamey, 13°N and 
2°S) (Vandenbeldt 1991) and southern Africa (Zimbabwe, Matopos, 20° 23'5 
and 28° 31 'E) (Wanyancha et al. 1991), and now in this study, has been 
remarkably similar. Southern provenances consistently grow faster than 
northern provenances. The result demonstrates a low level of genotype-
environmental interaction for growth rate in the species. However, for traits 
such as survival, northern sources survived well in trials in north-west and 
south-east Africa whereas southern sources had high (100%) mortality on a 
north-west trial site (see Vandenbeldt 1991) . This shows a potential 
genotype-environmental interaction in survival. 
6. Strong phenotypic associations were found to exist among most traits. 
Strong negative relations existed between growth traits (height, root collar 
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diameter) and physiological traits (leaf to stem dry weight ratio, fibrous to 
hard root ratio, root to shoot dry weight ratio, time of leaf senescence). 
Provenances from the south-east were tall and had large root collar 
diameters, but had small root systems in relative terms compared to the 
north-west provenances. The implication of this is that southern 
provenances have smaller root to shoot ratios than northern provenances 
The significance of the root to shoot ratio was discussed in Chapter 3, 
section, 3.12. Thus, the potential of improving F. albida in terms of 
productivity and survival lies in the ability to compromise between the 
high growth rate of south-east provenances and the favourable survival 
strategies apparent in north-west provenances. In future, this might involve 
hybridization of the two ecotypes. 
7. Canonical variate analysis revealed that provenances of the species in 
Africa can be divided into three regions of provenances which are closely 
aligned with particular ecosystems viz. the upland ecosystem in northern 
Africa, the riparian ecosystem in southern Africa and the proposed centre of 
origin on the Sudan/Ethiopian highlands and the Lodwar region of Kenya. 
The grouping was based on the formation of canonical variates which 
separated out the three groups on the basis of growth traits and those 
associated with survival. The grouping followed a latitudinal trend. 
8. Family heritability values for most of the traits were large. This 
means that for the provenances used in the study, the species could be 
genetically improved by selecting for provenances with desirable 
characteristics. The influence of the environment on certain traits appeared 
to be very strong and selection should be done under conditions where the 
species is a candidate for wide-spread planting. 
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9. The experimental design used provided an opportunity to rigorously 
analyse the data, explaining most of the variation at the same time 
minimising the residual variation. For a more complete picture of the 
amount of variation in the species, more intensive sampling should be 
done. Additional sources of seed to those in Africa such as those occurring 
in Israel, Lebanon, Yemen and the Cape Verde Islands off the West Coast of 
Africa could have been included, but this was not possible due to the 
unavailability of seed. This species is also well represented altitudinally in 
Malawi with trees growing below 100 m to over 1300 m above sea level 
(Fagg and Barnes 1990). Altitudinal clines in this area may exist and this 
could have been observed if the species was well sampled. A continous 
clinal pattern of variation might have resulted over the entire range if it 
had been possible for seed sources in Uganda and Tanzania to be included. 
8.2 Strategy to improve the species based on t~e results of this study 
The simple observation that the species exhibits wide variability 
reaffirms the expectation that the species will respond well to selection and 
breeding, thus resulting in greater yield and adaptability. The strategy to 
improve the species will be based on this variability. Philosophy and 
concepts of breeding strategy have been discussed by many authors 
(Namkoong, Barnes and Burley 1980). Matheson (1990b) defined and 
discussed several breeding strategies that can be used for multipurpose tree 
species. Since improvement of F. albida is only starting, the major objective 
is to identify assured and authenticated seed sources of documented good 
performance. To start a breeding programme, there is need to know the end 
use of the improved genotypes, identify suitable natural seed sources and 
conduct provenance trials to identify provenances that consistently perform 
well. 
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Evaluation of multipurpose trees should measure overall value of 
the tree in the situation for which it is being tried which include tree size, 
quantities of useful products, quality and time of production (Stewart and 
Salazar 1992). Tree improvement of F. albida must have several goals to 
satisfy the multipurpose usefulness of the species (Owino 1992). The goals 
must include: 
1. to increase biomass production 
2. to maximise nitrogen fixation potential 
3. to increase fodder production in terms of quantity and quality 
4. to maximise the species compatibility with crops and other farming 
systems 
5. to improve survival and adaptability of the species in dry areas. 
8.2.1 Delimiting seed zones 
The level of variability in natural populations is a standard against 
which various populations/provenances to be used in a genetic 
improvement programme can be assessed (Harwood et al. 1992). By 
knowing the variability of a species over its natural range it is possible to 
delimit seed zones from which seed collections can be made without fear of 
loss of genetic diversity. 
For F. albida, the number of provenances needed to adequately 
represent the variation present can be accomplished through the use of seed 
zone maps which can be established based on physiographic and climatic 
conditions which mould out the provenances into distinct groups. Based on 
information from trials, plantations and that given in this thesis, I can 
propose three broad seed zones for the species which follow the three 
regions of provenances. The seed zones are flexible and can easily change in 
the future if latter studies that may include additional material show that 
this is necessary. 
/ 1 1 1 
8.2.2 Seed trans£ er 
A point to raise here is the seed transfer risk. How far north or south 
can a seed source be moved? At this stage, the species has not been tried in a 
wide variety of environments. Trial data available from Senegal 
(Vandenbeldt 1991) and Zimbabwe (Wanyancha et al. 1991) is probably the 
only material that can be used to provide some crude guide-lines as to the 
desirability of seed transfer. For example, southern sources did not grow 
successfully in north Africa (see Vandenbeldt 1991), and it could suffice here 
to limit southern sources to planting in southern Africa. On the contrary, 
some northern sources performed very well in Zimbabwe, and might be 
desirable inclusions in breeding programmes in southern Africa .. 
Vandenbeldt (1991) in his summary, pointed out that it would be 
interesting to see how riparian southern provenances would perform if 
introduced in the wetter riverine habitats and rice-growing areas of the 
Sahel. Results from such an introduction may provide more information 
on how far seed can be moved. F. albida has been tried in Pakistan and 
India. The literature did not specify the origin of the seed. It would be 
interesting to know the seed sources and their performance as this would 
provide more information on the extent of seed transfer. 
8.2.3 Acquisition of genetic material 
Having identified seed zones, seed must be collected for inclusion in 
trials or for general purpose planting. The distribution of the species 
requires collaboration between countries when seed is collected. Most of the 
collections of the species being done in Africa are now collaborative. 
Guidance on seed-source sampling for multipurpose tree species is 
discussed in some detail by Willan et al. (1990). The two important factors 
are morphological and ecological variation (basis of this study), which 
distinguish between infraspecific variants and ecotypes. Sampling must be 
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adequate to capture the widest genetic diversity at the same time keeping 
the material at manageable quantities. For F. albida, care must be taken to 
include small disjunct sources like the Palm Tree in Zimbabwe. 
8.2.4 Breeding plan 
Since improvement of F. albida is only starting, the major objective 
is to identify assured and authenticated seed sources of documented good 
performance. Three approaches can be adopted. The first is to collect and use 
seed from the natural stands for planting. At the moment, seed used in 
most planting comes from natural stands. The other approach is mass 
selection (MS1) of trees in plantations from which seed is collected and 
grown. The third approach is selecting good progenies from 
plantations/provenance trials and establishing seed orchards. Figure 8.1 
summarises the procedures adapted from the discussion of Matheson 
(1990b). 
The compromise between fast growth rate of south-east provenances 
and better survival of north-west provenances can be achieved by 
conducting controlled crossing. One characteristic that is of interest in 
crossing is pod production (Joly 1992) and efforts in breeding must aim to 
maximise on this as pods are important sources of fodder. Vegetative 
propagation could be considered since early results indicate that the species 
can be propagated successfully from shoot and root cuttings (Duhoux and 
Davies 1985; Gassama and Duhoux 1987). The breeding programme must 
consider the positive and negative correlations between traits especially 
physiological traits such as time of leaf senescence and root to shoot ratio, 
and important traits such as growth, production and quality of fodder 
produced. 
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Fig. 8.1. Strategy in breeding and assuring good seed supply for small scale plantings for Faidherbia albida .. The strategy 
was modified from the discussion by Matheson (1990b) 
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PART III 
PHYSIOLOGY AND ROOT STUDIES 
11 4 
CHAPTER9 
Variation in physiological responses to water stress and daylength among 
Faidherbia albida seedlings from the riparian and upland ecosystems 
9.1 Introduction 
It has been demonstrated in the previous chapters that Faidherbia 
albida provenances in Africa can be subdivided into three regions of 
provenances (see Chapter 6, section 6.2). The groups fall into distinct 
ecological areas which have been described as riparian and upland 
ecosystems. In south-east Africa, the species is sensitive to site water status 
and hence is often limited to water courses and seasonally inundated 
alluvial flood plains. In north-west Africa, the species grows on upland, 
usually cultivated, areas with a deep water table. The distribution of the 
species into two ecosystenl ' along a latitudinal and moisture gradient across 
Africa suggests the presence of different physiological processes that are 
adaptations to different environmental conditions. 
One of the characteristics of F. albida that appears to be a response to 
environmental and climatic conditions is summer leaf shedding and winter 
leaf flushing. Increasing plant water deficit is known to cause leaf abscission 
in plants (Parker and Pallardy 1991). At the moment, it is not clear whether 
defoliation in F. albida in natural stands is a response to environmental 
stress (water deficit or physiological drought caused by excess water in 
summer). The species defoliates in summer when daylength is longer than 
in winter. Thus, long daylength could also have an effect on defoliation. In 
contrast, short daylength promotes leaf abscission in many plants including 
sub-tropical tree species (Hart 1988). There are no records which indicate that 
the inverse season foliage initiation and termination cycle of F. albida has 
been studied. 
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The foliage rhythm of the species in different ecosystems is not well 
documented, but the most likely pattern based on observations reported by 
other authors in natural F. albida stands is as follows; 
For the riparian ecotypes in south-east Africa, leaf shedding appears to 
be coupled with high soil moisture. This is supported by the observations of 
leafless inundated trees in Zambia (Bainbridge 1965), and marked 
defoliation on seedlings growing in low riverine areas compared to those on 
high ground away from water courses (Carr 1976). 
In north-west Africa in the upland ecosystem, the trees behave 
somewhat unpredictably. Since upland ecotypes thrive on underground 
water, it is possible that defoliation is a response to rising water table. In the 
Lodwar valley in Kenya, the rainfall is bimodal and the species produces two 
sets of leaves and flowers per year coinciding with the rain (Wickens 1969). 
In Niger, Delwaulle and Mialhe (1974) could not correlate defoliation to soil 
moisture since some, but not all the trees defoliated after r~ceiving little 
rain. 
It has been shown that tree species respond to environmental changes 
by changing their growth pattern. For example, water stressed plants 
generally reduce growth rate. For some species, physiological changes result 
in reduction of leaf size (Bramwells and Whiffins 1984) and some increase 
allocation of dry matter to roots resulting in a high root to shoot ratio 
(Kozlowski 1984). From previous ecological studies, it appears that root 
growth and development are very important in F. albida (see Vandenbeldt 
1991 and discussion in Chapter 5, section 5.3.9.4) and it was deemed 
important here to study the change in partitioning of dry matter in seedlings 
subjected to different daylength and water treatments. 
The study described in this chapter was undertaken to test the effects 
of water stress and daylength on degree of defoliation, height growth, root 
collar diameter extension and the partitioning of dry weight into roots, 
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stems and leaves. 
9.2 Materials and method 
The experiment was conducted at CSIRO Canberra Phytotron (CSIRO 
Phytotron Handbook 1991) in a glasshouse and naturally-lit cabinets. The 
provenances used were selected to represent the groups defined in Chapter 
6, section 6.2.3. These were Tera (Niger) and Makary (Cameroon) from the 
upland ecosystem, Wenji (Ethiopia) and Lodwar (Kenya) from the proposed 
centre of origin and Kuiseb (Namibia) and Gokwe (Zimbabwe) from the 
riparian ecosystem. Details of the provenances are given in Table 4.1 in 
Chapter 4. 
Seedlings were raised in 15 cm (diameter) and 60 cm (height) PVC 
pots filled with soil (soil/ sand 2: 1 mixture) mixed with osmocote slow 
release fertiliser. The seedlings were raised in a glasshouse set to run at 25°C 
and 20°C day and night respectively. Seedlings were allowed to grow for four 
months after which the following treatments were applied; 
Watering 
1) Water stress - watering was with-held until the plants started to 
wilt after which watering was done to maintain low level (say 50o/o of 
normal watering) 
2) Daily watering - routine watering was applied to keep the moisture of 
the soil at field capacity 
Day length 
3) Natural daylength (16 hr) - 48 plants were left to grow in the 
glasshouse receiving natural daylength of 14-16 hours 
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4) 10 hour daylength - 48 plants were transferred into naturally lit 
cabinets housed in the glasshouses. The daylength was controlled by 
an automatic shutter system set to open at 09.00 hrs and close at 17.00 
hrs. Low level incandescent light was used to extend the daylength 
to 10hrs once the shutters were closed. 
Thus, there were four factorial treatments namely, a) 16hrs-daylength 
x water stressed, b) 16hrs-daylength x unstressed, c) 10hrs-daylength x water 
stressed and d) 1 Ohrs-daylength x unstressed. 
Each of the six provenances was represented by two families. Thus, 
there were a total of twelve families. Two seedlings were raised per family, 
giving a total of forty-eight plants per replicate. The experimental design was 
a split-plot with 2 replications. Daylength was the main plot factor and 
watering the sub-plot factor. The experimental layout is shown below. 
16 10 
hrs hrs 
ox ox ox ox ox ox 
XO XO ox XO ox ox Replicate 1 
XO ox ox ox XO XO 
ox XO XO XO ox XO 
16 10 
hrs hrs 
ox ox ox ox XO ox 
ox ox XO ox XO ox Replicate 2 
ox XO ox XO ox ox 
XO XO ox ox ox ox 
X = stressed seedlings 
0 = unstressed seedlings 
Fig. 9.1. Design layout of the experiment on the effects of daylength 
and water stress on growth patterns of F. albida. 
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Measurements of initial height, root collar diameter and the number 
of leaf scars (where leaves had shed) on the stem were taken at the time the 
treatments were applied. After 3 months, the number of leaves remaining 
on the seedlings and leaf scars were counted. Final height and root collar 
diameter were measured. The seedlings were harvested and the dry weights 
of leaves, stem and roots determined. 
A figure for "leaf potential" of the seedlings was determined by 
adding the number of leaves and leaf scars as discussed above. The 
defoliation percent was calculated by dividing the number of leaf scars from 
the last count with the leaf potential. The other parameter calculated was 
root to shoot ratio. 
The data was analysed as split plot with daylength as the main effect 
and water treatment as sub-plot effect. The initial measurements of height, 
root collar diameter and leaf scars were used as covariates to adjust for 
initial size differences. The F-ratios associated with different sources of 
variation are given in Table 9.1. 
9.3 Results 
9.3.1 Effects of treatments on leaf shedding 
The percentage of leaves that dropped was significantly different 
among the seedlings from the three regions (F-ratio = 3.6; p < 0.05, see Table 
9.1). Provenance-within region effect was insignificant. Seedlings that were 
exposed to 16hr- daylength x water stress defoliated more than seedlings that 
were exposed to 10hr-daylength x water stress (F = 25.11; p < 0.01). The effect 
of water stress appeared to decrease at shorter daylength. The response 
pattern of the provenances from the three regions were the same. Figure 9 .2 
shows the effects of the treatments on defoliation percentage. 
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Table 9.1. Variance ratios for the different sources of variation from the experiment on the effects of daylength and water 
treatments on seedlings of F. albida from the three regions. Statistical significance for each effect is based on 74 residual degrees 
of freedom. 
Source of variation Of Height Root collar 
diameter 
Replicates 1 8.50 0.18 
.... ns 
Region 2 16.38 24.24 
...... .. .... 
Day length 1 11.05 7.21 
.. .. .. .. 
Water 1 6.00 32.68 
.. .. .... 
Region\ provenance 1 3 2.34 9.26 
ns ...... 
Daylength within region 2 3.02 0.37 
,. 
ns 
Water within region 2 0.85 0.02 
ns ns 
Daylenth x water 1 2.90 0.04 
,. 
ns 
Region\ provenance x day length 3 1.21 1.68 
ns ns 
Region\ provenance x water 3 1.44 0.68 
ns ns 
Region x daylenth x water 2 0.04 0.95 
ns ns 
Region \provenance 1 = provenance within region effect 
ns 
it 
** 
*** 
nonsignifican t 
significant at the 5% level, 
significant at the 1 % level 
significant at the 0.1 % level 
Percent 
defoliation 
0.73 
ns 
3.60 
.. 
54.70 
...... 
51.64 
.. .... 
2.77 
.. 
0.95 
ns 
1.69 
ns 
25.11 
.... ,. 
0.08 
ns 
0.19 
ns 
1.88 
ns 
Leaf dry Stem dry Root dry Root: Total 
weight weight weight shoot biomass 
3.52 1.55 3.53 8.10 0.18 
.. ns .. .. .... ns 
2.83 2.48 1.45 6.93 0.77 
.. ' .... ns ns ns 
16.38 8.13 13.70 2.28 20.85 
...... .. .. ...... ns .. .... 
34.01 6.71 4.71 10.83 14.47 
...... .. .. .... .. .... 
1.58 3.54 0.74 0.64 2.21 
ns 
.. ,. 
ns ns ns 
6.23 0.97 1.84 4.06 1.39 
,. ,. 
ns ns 
,. 
ns 
1.18 0.24 2.74 9.06 0.58 
ns ns 
,. .. ,. ,. 
ns 
9.63 2.39 0.17 5.28 2.46 
.. ,. ,. ns 
,. 
ns 
1.17 2.11 0.16 1.87 0.72 
ns ns ns ns ns 
0.63 0.98 0.59 0.10 0.83 
ns ns ns ns ns 
0.16 0.69 0.10 2.08 0.00 
ns ns ns ns ns 
40 
30 
~ 
i:: 
0 
·J:l 
~ 20 ·--
.£2 
~ 
10 
stressed unstressed stressed unstressed 
Treatments 
Upland 
NW. Africa 
Centre of origin 
E. Africa 
Riparian 
SE. Africa 
Fig. 9.2. Effect of daylength and water on the percentage of leaves dropped 
by seedlings of F. albida from the three regions. 
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Overally, seedlings from East Africa (proposed centre of origin) 
defoliated more than those either from the upland or riparian ecosystems. 
East Africa (Lodwar and Wenji) provenances on the average defoliated 
39.7% of the potential foliage, whilst the riparian (Kuiseb and Gokwe) lost 
33.5% when subjected to 16hr-daylength x water -stress. Provenances from 
the upland ecosystem (Tera and Makary) defoliated the least (31.4%) for the 
same treatment. Tera provenance defoliated the least (2.So/o) when exposed 
to 10hr-daylength x water stress. The significant interaction effect between 
daylength and water (F-ratio = 25.11; p < 0.01) confirms the observation that 
defoliation in the species could be a complex phenomenon under the 
influence of the two factors. 
Plate 9.1. Pattern of leaf shedding in water stressed seedlings. Shedding 
started at the bottom and progressed up the stem. 
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The pattern of defoliation differed among the provenances . In the 
Upland sources, pinnules dropped off first followed by the rachilla and the 
petiole, whereas for the other provenances the whole leaf dropped at once. 
Plate 9.1 shows the pattern of defoliation. 
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9.3.2 Effects of treatments on height and root collar diameter 
Apart from causing defoliation, the combination of treatments 
resulted in seedlings having significantly different height growth rates (F-
ratio = 2.90; p < 0.05). Provenances from the upland ecosystem responded 
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so 
0-+----~-----4>----...,_--~~ 16 hrs x 
stressed unstressed stressed unstressed 
Treatments 
Upland 
NW. Africa 
Centre of origin 
E. Africa 
Riparian 
SE. Africa 
Fig. 9.3. Effect of daylength and water on height growth of seedlings of 
F. albida from the three regions. 
to 16hr-daylength x water stress by significantly reducing height growth. 
Figure 9.3 shows the change in height growth of seedlings of F. albida 
subjected to the different treatments. The effect of water stress on height was 
minimised by shorter daylength. This is shown by the almost equal heights 
r 
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of seedlings that were well watered and stressed at 10hr-daylength in 
contrast to the different heights of seedlings that were exposed to 16hr-
daylength. 
Root collar diameter expansion was reduced in water stressed 
seedlings. The effects of the two water treatments differed significantly at the 
1 % level of significance (F-ratio = 32.68; p < 0.01, see Table 9.1). Regions of 
provenances differed significantly (F-ratio = 24.24; p <0.01). Water stress 
caused a reduction of about 17% in diameter expansion in all the three 
regions (see Figure 9.4). Daylength effect was non-significant. 
Root collar 8 
diameter 
(mm) 6 Lsd = 0.5 I 
• Riparian D Origin 
4 II Upland 
2 
o~-
Stressed Unstressed 
Water treatment 
Fig.9.4. The effect of water stress on root collar diameter extension of F. 
albida seedlings. 
-
9.3.3 Effects of treatments on total seedling dry weight 
The effects of daylength and watering were significantly different for 
total dry weight ·production among the regions (see Table 9.1 for F-ratios) 
Figure 9.5 shows the total dry weight produced by seedlings subjected to the 
different treatment combinations. In unstressed conditions, there was little 
difference in dry weight production between 16hr and 10hr days. Dry weight 
was reduced under stressed conditions - markedly so at 16hr-daylength. 
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Upland and centre of origin seedlings had very similar responses with 
dry weight reduced by both water stress and long day. Thus, under long day 
and stress conditions, total dry weight for the two sources was about 20 gm 
compared to 30 and 29 gm respectively under short day and no water stress 
conditions. The riparian sources only exhibited reduced growth under long 
day and water stress conditions. 
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Fig. 9.5. Effects of daylength and water treatments on total dry weight 
production of seedlings of F. albida from the three regions. 
9.3.4 Effects of treatments on the root to shoot dry weight ratio 
The partitioning of dry weight between roots, stems and leaves 
differed significantly among the regions (see Table 9.1 for F ratios) . The 
interaction between daylength and watering significantly affected the 
partitioning of dry weight into roots and shoots (F-ratio = 5.28;p <0.05). 
Figure 9 .6 shows the change in root to shoot ratios with the different 
treatment combinations. 
For riparian seedlings there was no significant change in the root to 
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shoot ratio across the four treatment. Upland seedlings subjected to water 
stress had large root to shoot ratios which significantly differed to those 
from other treatments - the effect being more pronounced at long daylength 
than at short daylength (see Figure 9.6). Seedlings from the centre of origin 
tended to increase the root to shoot ratio under water stress conditions, but 
the response was not as marked as for upland seedlings. 
3 ............................................................................................................................. . 
Upland°' 
' 
', Lsd=0.5 I 
2 ............. Orrgin·, ............... i.., .. ~·: .. :::: .. ·:; .. ~ .. ~-= ..  
Riparian 
1 ............................................................................................................................. . 
0-+-------------------
16hrs X 
stressed 
16hrs X 
unstressed 
Treatment 
10hrs 
stressed 
10hrs X 
unstressed 
Fig.9.6. Effects of daylength and water treatments on the root to shoot 
ratio of seedlings of F. albida from the three regions. 
9.4 Discussion 
It has been demonstrated that longer daylength promoted leaf 
shedding. The effect of long daylength is more marked in seedlings from the 
centre of origin and riparian ecosystems than it is in upland seedlings. 
Under natural conditions, defoliation occurs during summer when 
daylength is increasing. In this study, maintaining daylength at 10 hrs 
prolonged the leaf-life span of the species. This shows that natural 
I· 
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defoliation of the species is controlled to some extent by long day length. 
The results showed that water stress pronounced the effects of long 
daylength on defoliation. Water stress is reported to induce synthesis of 
ethylene which is important in the formation of abscission layers (Krammer 
and Kozlowski 1979). The question that is raised from this discussion then 
is: why do F. albida trees defoliate in summer when moisture is readily 
available? The possible answer to the question is that the species may be 
responding to physiological drought caused by high moisture conditions. 
The species appears to be very sensitive to high and low site water status. 
Height growth and root collar diameter were affected by the 
treatments. Seedlings that were exposed to 10hr-daylength x water stress 
reduced height growth and root collar diameter extension. Generally, greater 
height growths were maintained at long days by riparian seedlings and those 
from the centre of origin, but seedlings from the upland significantly 
reduced growth at long day and water stress. This can be interpreted as a 
strategy by upland sources to cope with stress by slowing down growth (see 
Figure 9 .3) . 
Upland sources produced dry weight comparable to that for riparian 
and centre of origin sources under water stress conditions at long daylength. 
The same source produced the most dry weight under stressed conditions at 
short day length (see Figure 9.5). Under normal conditions, sources from the 
uplands produce less dry weight than riparian sources or those from the 
origin (see Chapter 5, section 5.3.9.3) . This result again demonstrates the 
ability of upland sources to perform as well or even better than the other 
sources when grown under stressed environments. 
Upland provenances (Tera and Makary) and those from the centre of 
origin (Lodwar and Wenji) maintained higher root to shoot ratios than 
those from the riparian ecosystem (Kuiseb and Gokwe) under water stressed 
conditions. Naturally, the upland provenances come from dry regions and 
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they evolved to adapt to droughts by maintaining a high root to shoot ratio. 
The plasticity of the root to shoot ratio under different water regimes 
indicates that F. albida is sensitive to site water status. The different patterns 
of response among the provenances from the three regions suggest different 
mechanisms to adapt to water stress. A similar adaptation strategy to water 
stress was observed for Eucalyptus socialis (Parsons 1969), E. pilularis and E. 
maculata (Bachelard 1986) and Acacia holosericea and A. cowleana (Gwaze 
1990). 
9.5 Conclusion 
The co-variation among the regions in defoliation, height and root 
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collar growth, dry weight production and the plasticity of the root j)f shoot 
ratio reflects an interaction which determines the behaviour and production 
of F. albida. This could provide a conceptual link to explain the behaviour of 
the species in natural stands and when introduced in contrasting 
environments. For instance, provenances that defoliate excessively (from 
the centre of origin and riparian regions) should not be planted in areas that 
are prone to seasonal droughts since they will defoliate resulting in slowed 
growth rate. Upland provenances should be planted in dry areas as they 
maintain foliage and continue to grow. Linked to this is the influence of 
daylength as determined by the latitude. The concept here is that as the 
species is moved further away from the equator (increasing daylength), the 
chances of it defoliating heavily also increase, thus resulting in poor growth 
performance. 
By understanding the effects of daylength and moisture on the early 
growth of F albida, one can develop special techniques or general cultural 
methods that increase the usefulness of the species. Certain provenances can 
be matched to specific sites to maximise not only on growth rates, but also 
the potential to defoliate and release nutrients into the soil. 
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In West Africa, F. albida trees have been reported to improve the 
early survival of pearl millet by providing partial shading which reduces the 
soil temperature (Vandenbeldt and Williams 1992). Knowledge of the effects 
of climatic factors can help follow the foliage rhythms and time crop 
establishment to benefit on (i) early protection from the sun provided by the 
foliage and (ii) advantages of subsequent leaf drop (no shading, reduction on 
transpiration and provision of leaf mulch, see Chapter 2, section 2.5). 
Understanding the plasticity of the species especially at different 
moisture regimes will increase the prospects of successful establishment of 
F. albida in different environments. The effect of water-logging on 
defoliation and growth patterns could also be studied to give a more 
complete picture of the species' behaviour under different moisture 
regimes. 
CHAPTER 10 
Root systems in seedlings of Faidherbia albida : 
adaptive significance of size and morphology 
10.1 Introduction 
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Root growth and development are important in Faidherbia albida. The 
importance of the structure of root systems in the species growth and survival 
is reported by NAS (1979) and Vandenbeldt (1991). In its nat~al distribution, F. 
albida grows in two contrasting environments in terms of water availability. 
Based on the distinct difference in ecology, and the patterns of variation 
established in Chapter 5, we can expect different root growth patterns designed 
to maximise water absorption from a deep water table (in upland ecosystem) or 
from a high water table (in riparian ecosystem). 
Traits such as root to shoot ratio, leaf to stem ratio and the fibrous to 
hard root ratio have been shown in other studies to be important in the 
adaptation and survival of plant species (see Evans 1972). It is well recognised 
that the size, form, and the physiological condition of the seedling root system 
can have a strong influence on the survival and early growth of seedlings 
transplanted to field conditions (Nambiar 1980). F. albida trees are known to 
have a powerful root system that taps water from the water table below (NAS 
1979). Field trials of the species in north Afr!ca revealed that southern 
provenances had 100 % mortality when water became a limiting factor and this 
observation was attributed to inferior root development (see Vandenbeldt 
1991). 
The observations above suggest two functional roles of the root system 
for the species. The first is a structural mechanism in root development that 
enables the species to thrive on underground water. Secondly, the survival of 
north-west sources in water stressed conditions suggest a physiological 
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function. This could be examined by recording the dry matter partitioning 
between stems and roots as influenced by the soil moisture status. To 
understand the structural and functional mechanism of F. albida trees in 
ability to adapt and grow under such diverse ecosystems, it was seen important 
to study the root morphology. 
10.1.2 Characteristics used to describe the root system 
The morphology of the root system can be expressed in terms of 
attributes of the whole root system such as weight, length, surface area and 
volume of the root system (Boot 1990). For this experiment root length and dry 
weight were used. Root length is of significance in nutrient uptake in most 
plant species (Van Noordwijk 1982), and for F. albida it is assumed that it is 
equally important in under-ground water uptake. Root weight is used in 
carbon balance studies (Van Noordwijk 1982). A combination of both 
parameters (ratio of length to weight) is the specific root length (SRL mg-1). The 
ratio is often used as an indicator of the gross morphology of the root system 
(Fitter 1985; Boot 1990). Root branching patterns and fine root density of woody 
plants can be described by use of scores. 
10.1.3 Objective of the study 
The work reported here comparatively described the root seedling 
morphology between the two ecotypes and the proposed centre of origin. The 
purpose was to address the question: which r<;_>ot characteristics of F. albida 
determine the ability of the species to grow and survive under different 
ecological and climatic conditions both in natural and new sites? 
10.2 Materials and method 
Six provenances were used in the study. Two of the provenances came 
from the proposed centre of origin (Wenji and Lodwar). The other two came 
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from the riparian ecotype (Kuiseb and Gokwe) in the south and from the 
upland ecotype (Tera and Makary) in the north (see Table 4.1 in Chapter 4 for 
details) . 
The experimental layout was a completely randomised design with four 
replicates. Each of the six provenances was represented by two seedlings per 
replicate, thus giving 12 plants per replicate. There were 48 plants altogether. 
Seedlings were raised in 100 cm (length) and 16 cm (diameter) PVC pots. 
The pots were cut longitudinally into two halves. Plastic was used to separate 
the two halves to facilitate easy opening and assessing root growth pattern and 
parameters. Two seedlings from the same provenance were grown each in the 
other half of the same pot. The soil mixture consisted of two thirds top soil and 
one third sand mixed with NPK fertiliser. 
When seedling/'were four months old, the pots were opened. The length 
of the pot was divided into four quarters each 25 cm long. The density of the 
root mat appearing on the soil surface was assessed using scores from O to 10. 
Score O indicated absence of roots and score 10 indicated a dense root mat on 
the soil surface. The assessment showed the ability of the roots to penetrate a 
mass of soil. 
The entire root system was excavated taking care not to damage the root 
structure. The number of main roots (in most cases it was one, but a few 
seedlings had more than one main root) and lateral roots more than three 
centimetres long were counted. Length of the main root was measured using a 
ruler and that of lateral roots by direct measurement as described by Bohm 
(1979). The method involved placing the wet lateral roots in a flat dish 
containing a small amount of water. The dish was placed on top of a graph 
paper ruled in millimetres and the length estimated by eye inspection. The 
roots were oven dried at 70 oc for 24 hrs and the dry weight determined. 
The specific root length (SRL) which is a ratio between root length and 
root dry weight was calculated. Height and root collar diameter at time of 
I· 
132 
harvest were also measured. The root length to stem height ratio was 
calculated. The data were subjected to simple analyses of variance to test for 
differences between ecotypes and provenances-within-region. 
The stem and root attributes were analysed using simple analysis of 
variance. The F-ra tios are given in Table 10.1. 
Table 10.1. Variance ratios for the different sources of variation from the 
experiment on comparative root morphology and size of seedlings 
of F. albida from the three regions. Statistical significance is based 
on 39 residual degrees of freedom. 
Source of variation Of Height 
Replications 3 0.15 
r6 
Regions 2 12.02 
** 
Provenances 3 0.37 
r6 
Source of variation Of Specific 
root length 
Replications 3 2.92 
r6 
Regions 2 16.68 
......... 
Provenances 3 6.03 
... 
non significant ns 
* 
** 
*** 
significant at the So/o level 
significant at the 1 % level 
significant at the 0.1 % level 
10.3 Results and discussion 
Root collar 
diameter 
1.43 
r6 
27.79 
* ... ,. 
0.24 
r6 
First 
quarter 
2.27 
r6 
4.17 
... 
1.69 
r6 
Length to Number of Root dry 
height root tips weight 
4.24 1.78 2.74 
... 
r6 r6 
16.02 30.88 7.71 
** ... 
......... ...... 
1.24 1.76 1.34 
r6 r6 r6 
Second Third Fourth 
quarter quarter quarter 
1.97 2.09 0.67 
r6 r6 r6 
1.06 0.31 1.19 
r6 r6 r6 
0.61 4.14 1.99 
r6 ... r6 
Variance ratios associated with replications, ecotypes and provenances-
within-region for the different traits assessed are given in Table 10.1. There 
were no significant differences among replications. The regional effect was 
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significant for final stem height, root collar diameter, root length, root length 
to stem height ratio, specific root length, the number of root tips and the root 
dry weight. The density scores for the first quarter was significant and the other 
three were non-significant (see Table 10.1). 
10.3.1 Differences in root length 
Total root length varied among ecotypes being the longest in the upland 
ecotype (150.1 cm), shorter in the provenances from the proposed centre of 
origin (113.3 cm) and shortest in the riparian ecotype (102.7 cm) (see Fig. 10.1.). 
The result is reflective of the fact that in the upland ecosystem of north-west 
Africa, F. albida trees grow on sandy soils with a clear depth which allows 
unimpeded root growth. The soils have poor water retention capacity (West et 
al. 1984; cited in Vandenbeldt 1991). Under such a situation, F. albida trees 
should develop a long root system to tap water from the water table below. In 
the riparian ecosystem where the water table is high, the species tends to 
develop a shorter tap root. 
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Fig 10.1. Mean root length for the provenances from different regions. 
Regions differed from each other (F ratio = 16.02) at the 1 % level of 
significance. 
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10.3.2 Differences in root length to stem height ratio 
The ecotypes differed in the root to stem height ratio. Sources from the 
upland ecotype had larger ratios compared to either those from the riparian 
systems or proposed centre of origin (see Fig. 10.2.). The longer root portion 
and shorter stem height for the upland ecotype implied that the seedlings had 
a large source of water and a smaller sink. This makes the ecotype better 
adapted to severe seasonal droughts. On the other hand, the riparian ecotypes, 
have larger stems and smaller roots and thus are susceptible to droughts. 
3.5 
Lsd = 0.53 
0 3.0 
·.a 
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C/l 
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..c: 
... 
0.0 
C: 1.0 ~ 
... 
8 0.5 ... 
0 Lodwar Wenji 
Riparian Centre of Upland 
origin 
Fig. 10.2. Root length to stem height for the provenances from the different 
ecosystems. Regions differed from each other (F ratio = 30.88) at the 
1 % level of significance. 
10.3.3 Differences in specific root length (SRL) 
The upland ecotypes showed big SRL values which suggest that they had 
a thin root system. In contrast, the riparian ecotypes had smaller SRLs and 
Lod war and Wen ji provenances from the proposed centre of origin had 
intermediate values. Fig. 10.3 shows the SRL values for the six provenances. 
Plants with high SRL values are expected to have a low mean root 
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diameter and vice versa (Boot 1990) and hence have a fine root system. 
According to Kummerow (1980) fine roots are more efficient in absorbing 
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Fig.10.3. Specific root length for the six provenances. Regions differed from 
each other (F ratio = 16.68) at the 1 % level of significance. 
water. Thus, it can be inferred that upland ecotypes with the large SRL are 
better adapted to cope with seasonal droughts than those either from the 
riparian ecotype or the proposed centre of origin. The ability to tolerate 
seasonal drought by the upland ecotype can be attributed to the high root 
activity since large SRL values mean high root activity per unit root weight 
(Konings 1990). 
For the riparian ecotypes, the consequences of low SRLs is that trees 
invest a significant proportion of their root biomass in thick roots, whereas the 
contribution to total length is small. This raises the question: why do riparian 
trees produce thick roots? The answer to the question is perhaps related to the 
possible advantage of thick roots over thin roots when plants are grown in 
seasonally flooded areas: a condition most likely prevalent in the riparian 
ecosystem. The advantage cited by De Willigen and Van Noordwijk (1984) is 
that thick roots are able to transport oxygen for root growth and functioning 
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more efficiently than thin roots in anaerobic conditions. The functional 
mechanism of the advantage is beyond the scope of this thesis. A thick root 
system also has structural advantage in anchoring plants (Boot 1990) and 
because of the sheer size of ~he F. albida trees characteristic of the riparian 
ecosystem in south-east Africa, it is expected that the trees will have thick 
roots. 
10.3.4 Correlations between height, root collar diameter and SRL 
The relations between SRL and height and root collar diameter were 
examined using simple regression analysis. The general trend was that taller 
seedlings and those that had bigger root collar diameters had lower SRLs. 
Provenances from the riparian ecosystem produced taller seedlings with bigger 
diameters than those from the upland ecosystem. Figures 10.4 and 10.5 show 
the relationship between height and SRL and between root collar diameter and 
SRL respectively. 
The SRLs decreased with increasing size of the seedlings in terms of 
both height and root collar diameter. Boot (1990) suggested that SRL was 
genetically controlled and related to the nutrient availability in the natural 
habitats of plants and he cited that slow growing species are characterised by 
high SRL whereas fast growing plants have lower SRL. The variation observed 
in this study was as expected since riparian ecosystems in southern Africa are 
often associated with deep fertile alluvial soils with good water supply, 
whereas upland ecosystem are associated with_ infertile sandy soil with poor 
water supply. 
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Fig 10.4. The specific root length (SRL, cm g-1 dry weight) plotted against height 
at harvest for the provenances from the proposed centre of origin 
(Lodwar, Wenji), upland ecosystem (Makary and Tera) and riparian 
ecosystem (Kuiseb and Gokwe). (r = 0.745) 
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Fig 10.5. The specific root length (SRL, cm g-1 dry weight) plotted against root 
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10.3.5 Variation in other root characteristics 
Regions differed significantly in number of root tips and root dry weight 
(see Table 10.1 for F-ratios). Riparian seedlings (Kuiseb and Gokwe) tended to 
have more root tips compared to either the upland provenances or those from 
the proposed centre of origin. Significant differences in the number of root tips 
was unexpected since F. albida trees naturally do not produce many lateral 
roots. The fact the fine roots are not very important in the functioning of the 
root system in F. albida. was shown by the non-significant density scores. 
10.4 Con cl us ion 
The above observations show that provenances of F. albida which 
naturally grow in the riparian ecosystem of south-east Africa and from the 
upland ecosystem in north-west Africa have morphologically different root 
systems. Provenances from Ethiopia (Wenji) and Kenya (Lodwar) have root 
characteristics somewhat intermediate between those of the riparian and 
upland ecosystem. 
The root systems of the two ecotypes evolved under different 
ecosystems and the most likely ecological factor to influence the morphology 
appears to be the availability of moisture and the depth of the water table. 
·under riparian conditions, the water table is high and the species tends to 
develop short and thick roots In north-west Africa, the species grows on dry 
upland areas with a deep water table and the species tends to have long tap 
root The ecotypes differed in root length to stem height ratio. Upland 
provenances invested more into the root than into the stem compared to the 
riparian provenances. Higher values of SRLs were found in upland 
provenances than in riparian provenances showing a higher root activity in 
the former ecotype. 
The ecotypes evolved under different ecological and climatic conditions 
and the differences became fixed genetically. To fully understand the role of 
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the root architecture, studies are needed to look at the plasticity of the root 
form under different soil conditions such as moisture and temperature. 
CHAPTER 11 
General discussion and conclusion to the study 
on Faidherbia albida 
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Chapter 3 introduced the species. The objective was to reveal the 
"grey literature" that exists on Faidherbia albida. One of the observations 
was that the species' use in north-west Africa is more widespread and 
well documented than it is in south-east Africa. From the literature, it 
may appear that the species is not very important in agroforestry in 
south-east Africa, but its importance as a source of fodder in game parks 
of southern Africa is fully realised. It is only recent that attention has 
been given to the species and is being introduced as a multipurpose tree 
species in research trials and farmers' fields. 
The genetic study investigated the patterns of geographic variation 
in F. albida. The emphasis was on identifying patterns of variation that 
differentiate between provenances and group them into distinct regions. 
Chapter 5 dealt with the patterns of variation in a number of traits. There 
were clear differences between south-east and north-west seed sources. 
For most of the traits, the provenance effect accounted for most of the 
variation. Family-within-provenance effect was also significant for other 
traits but, overally did not account for a large portion of the total 
variation. The patterns revealed that F. albida is genetically a very 
variable species. 
Most of the traits varied continually and a few discontinually. 
Clinal variation was quite apparent especially within the upland and 
riparian ecotypes. The pattern of variation showed strong geographic 
coherence, with latitude being the most important factor. However, a 
complete picture of the clinal pattern was not fully assessed because some 
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seed sources were not included (eg, those from Uganda, Tanzania, Sudan 
and Chad) due to lack of seed. Temperature was the most important 
climatic factor that influenced the pattern of variation. Rainfall and the 
number of dry months per year were not important in differentiating the 
provenances. This was as expected because F. albida appears to rely 
heavily for its water requirements on ground water. The species gains 
greatly by establishing a deep tap root. A variable that could have related 
well with the patterns of variation is the depth of the water table, but 
recordings on this are not available for the species' distribution range. 
Other traits such as branch number and pubescence varied randomly. 
Phenotypic association between different traits existed. Growth 
traits (height growth and root collar diameter) were highly negatively 
correlated to traits of adaptive significance (root to shoot dry weight ratio, 
leaf to stem dry weight ratio and leaf senescence). This has unfavourable 
implications when selecting provenance for growing in particular sites. 
Thus in improvement programmes, a compromise has to be reached 
between selecting for fast growth and ability to adapt to harsh 
environments. 
Canonical variate analysis (Chapter 6) showed that F. albida 
provenances from Africa can be grouped in to three regions of 
provenances. The groups closely follow the riparian ecosystem of south-
east Africa and the upland ecosystem of north-west Africa. The two 
ecotypes (riparian and upland) span across Africa, but tend to grade into 
each other in the Sudan and Ethiopian highlands and the adjacent 
Lodwar valley of Kenya. The availability of ground water appears to cause 
the differentiation of provenances. In the analyses, the root to shoot dry 
weight ratio weighted the most in the loadings of the first canonical 
variate. This shows that the provenances could easily be sub-divided on 
the basis of dry weight. 
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The high values of family heritability for most of the traits implied 
the F. albida can be improved genetically through selection at the 
provenance level. The values calculated in this study were only estimates 
and should be interpreted with caution as heritability values vary with 
time and environment under which the plants are grown. 
Overestimation of heritability of traits of F. albida is most likely because 
of correlated mating caused by polyad mechanism of pollination (see 
Chapter 7). Accurate estimation requires the precise determination of the 
genetic correlation. 
Most of the traits appeared to be genetically controlled. This means 
that the species can be easily improved. A breeding strategy has been 
proposed in Chapter 8. The important step is to identify provenances 
which consistently perform well on a variety of sites. With the current 
level of use of the species (ie, agroforestry planting), it is necessary to have 
assured seed sources from which seed is readily available. Mo.re 
provenance trials must be established which include provenances from 
the three groups in Africa and those from other areas such as the Middle 
East. Trials should be planted in countries in which the species is widely 
used or in countries in which it has high potential such as India and 
Pakistan. 
Apart from genetic improvement, F. albida should also be 
silviculturally improved. Understanding the physiology of the trees is 
important if we are to control their growth. The main attributes to be 
improved are survival and growth rates under different environments. 
To this end, seedlings of the species were subjected to water stress and 
long daylength (see Chapter 9). The combination of these two treatments 
resulted in leaf shedding and decreased growth rates. Provenances from 
the three regions differed significantly in their responses with those from 
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the centre of origin shedding the most leaves, followed by those from the 
riparian ecosystem and lastly those from the uplands. 
Height growth and root collar diameter extension were 
significantly reduced by water stress, but the effect was less pronounced at 
shorter daylength than at longer daylength. Root to shoot dry weight ratio 
increased significantly when the seedlings were water stressed with those 
from the uplands in north-west Africa maintaining the largest ratio and 
those from the riparian ecosystem in south-east Africa the smallest. 
It is difficult to extrapolate the results to what happens in natural 
stands of F. albida, but it can be concluded that daylength and water 
availability status influence leaf shedding and growth rate of the trees. 
The loss of leaves results in slowed growth rate and alters the 
partitioning of dry matter. The response indicates that the species is 
sensitive to the environment and explains why the species' phenology is 
very variable in its distribution range. One of the silvicultural practice 
that can be employed is to plant the right provenance on the right site to 
maximise on the "albida " defoliation effect as influenced by moisture 
status and photoperiod. 
Examination of the root system of the provenances from the three 
regions revealed that upland sources invested the most dry matter into 
roots, followed by those from the proposed centre of origin (see Chapter 
10). The high investment of dry matter into roots is indicated by the high 
root length to stem height ratio. The upland sources had high specific 
root length (SRL) values which implied high root activity per unit root 
weight. The deep root system and high root activity makes the upland 
ecotypes more adapted to seasonal droughts. This helps to explain why 
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the north-west African provenances tend to survive better than those 
from the south-east especially in the drier regions of Africa. 
The studies revealed four aspects of F. albida provenances from 
Africa viz.; 
1) the species is genetically variable and the provenances can be 
differentiated into three regions 
2) there is a _strong negative phenotypic association between 
fast growth rates and ability to adapt to harsh sites. Most of the 
traits appear to be highly heritable under the conditions in which 
the seedlings were grown 
3) the species is very responsive to the environment with the 
provenances from the three regions (ecotypes) behaving 
differently under the same environment · 
4) provenances from the three regions have morphologically 
and physiologically different root systems which are of significance 
to the species ability to survive under different ecosystems. 
These major findings suggest that when improving the species , we 
have to look at both genetics and silvicultural aspects of the species. The 
differentiation of the species is strong support for conducting 
comprehensive provenance and progeny trials that incorporate 
representative sources from the three regions. The plasticity of F. albida 
in responding to changing environment is strong indication of the need 
to consider climatic conditions of the site to be planted if the full benefits 
of the species are to be fully realised. 
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Appendix 4.1. Full meanings of seed supplier abbreviations as given in 
Table 4.1. 
Abbreviation 
Burkina Faso 
CTFT-Fran 
Ethiopia 
FRIM-Mal 
KEFRI 
OFI-UK 
RSC-Zim 
Supplier 
Centre De National Semences Forestieres 
Centre Technique Forestier Tropical (France) 
Ethiopian Tree Seed Centre 
Forestry Research Institute of Malawi 
Kenya Forestry Research Institute 
Oxford Forestry Institute (UK) 
Regional Seed Centre (Zimbabwe 
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Appendix 5.1. Coefficients of determination R2 (percentages of variance) for significant traits obtained from fitting 
linear and quadratic equations of seed source data. 
Model [SEWT] [DAYG] [HT 1) [HT_2] [HT_3] [HT_4] [ROCD] [NOBR] [BRHT] [PUBS] ONTEJ [NOLE] 
Y = C + lat 60.9 0.0 47.7 44.3 45.4 53.5 85.1 0.0 3.9 0.0 57.7 34.3 
Y = C + lat + lat2 74.9 3.9 72.9 63.5 64.3 67.6 85.0 7.0 16.2 0.0 79.0 34.5 
Y=C+lon 49.4 26.9 71.4 64.5 72.4 76.S 39.2 1.0 47.S 8.6 63.5 0.0 
Y = C + Ion+ lon2 50.3 29.3 71.6 63.0 70.8 75.4 46.0 12.4 52.4 20.S 61.7 12.9 
Y = C + alt 3.8 36.6 17.3 19.2 26.7 28.5 0.0 3.9 9.8 0.0 3.5 5.6 
Y = C + alt + alt2 23.5 53.1 47.7 38.2 44.1 46.1 23.7 11.1 6.3 0.0 24.7 31.0 
Y=C+tern 34.5 13.7 33.5 37.6 42.8 49.7 43.3 0.0 2.8 0.0 23.9 0.0 
' Y = C + tern+ tem2 38.7 14.3 37.8 43.1 49.0 55.S 47.2 0.0 5.3 0.0 29.1 0.0 
Y = C + lat +Ion 69.7 24.3 77.1 69.9 76.9 84.2 86.2 16.8 46.7 3.5 76.6 46.4 
Model [STFO] [SESC] [LEWT] [STWT] [SHWT] [LE/ST] [FIWT] [HAWT] [ROWTJ [FI/HA] [TOWTJ [RO/SH] 
Y = C + lat 0.0 58.8 47.7 70.7 67.0 22.7 54.6 29.6 61.3 41.2 57.1 70.0 
Y = C + lat + lat2 0.0 65.6 62.0 77.2 75.2 24.2 62.1 64.1 59.2 67.5 72.7 71.7 
Y=C+lon 13.8 53.2 63.5 59.6 61.9 23.0 60.3 75.3 27.1 77.2 70.9 11.6 
Y = C + Ion + lon2 11.5 57.1 61.4 61.5 62.2 30.1 58.1 74.6 27.0 76.0 69.7 25.7 
Y = C + alt 6.0 10.7 11.7 6.5 7.7 1.0 13.1 23.5 1.2 21.6 13.6 0.0 
Y = C + alt + al t2 2.9 49.5 18.1 30.5 27.8 15.3 25.1 31.1 13.4 32.2 30.0 17.2 
Y=C+tern 12.9 37.2 30.1 43.1 40.9 13.6 48.0 27.2 48.1 36.3 39.9 27.1 
Y = C +tern+ tem2 12.2 41.3 35.5 47.5 45.7 14.8 53.7 31.8 51.9 41.6 45.2 28.5 
Y = C + lat + Ion 8.8 70.5 70.9 83.0 81.8 26.1 72.4 74.5 60.4 79.5 81.7 69.7 
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Appendix 5.2. Unadjusted and adjusted provenance means for the four height measurements after analysing data with days to 
germination as a covariate. 
No. Provenance ht 1 ht 1 ht 2 ht 2 Ht 3 Ht 3 Ht 4 Ht 4 
unadjusted adjusted unadjusted adjusted unadjusted adjusted unadjusted adjusted 
1 Kuiseb 12.70 12.54 30.03 29.75 42.71 42.41 83.04 82.73 
2 Taupye 9.27 9.37 24.20 24.40 38.49 38.71 81.90 82.11 
3 Gonarezhou 12.27 12.64 31.52 32.20 44.62 45.37 83.42 84.16 
4 Lukunguni 11.72 11.47 28.57 27.73 40.34 39.86 77.80 77.31 
5 Gokwe 13.49 12.80 34.00 32.75 49.09 47.74 88.74 87.38 
6 Palm Tree 12.90 12.48 31.57 30.64 44.69 43.68 78.76 77.93 
7 Mana Pools 12.06 12.61 29.17 30.18 42.44 43.53 79.95 81.04 
8 Kafue Flats 13.93 13.42 34.74 33.82 47.91 46.91 85.72 84.72 
9 Chiyenda 12.26 12.27 31.32 31.37 45.09 45.14 83.68 83.71 
10 Chilanga 12.62 12.81 30.03 30.40 43.84 44.24 79.15 79.53 
11 Chinzombo 11.18 11.64 27.12 27.97 40.32 41.24 78.99 79.90 
12 Bwanje 12.21 12.05 31.73 31.45 45.72 45.41 83.17 82.86 
13 Lodwar 14.22 13.44 30.64 29.23 43.42 41.90 84.82 83.28 
14 Wenji 12.41 12.08 32.02 31.42 46.56 45.91 81.71 81.05 
15 Debrezeit 10.40 10.06 27.74 27.13 42.36 41.98 83.84 83.18 
16 Kokologho 5.63 5.82 14.73 15.10 22.72 23.12 43.85 44.24 
17 Makary 6.62 7.25 18.76 19.93 29.74 31.01 56.98 58.23 
18 Bignona 5.48 6.34 20.07 21.51 29.22 30.77 52.35 53.90 
19 Tera 7.04 6.71 22.85 22.25 32.99 32.34 53.50 52.84 
20 Oursi 6.08 6.71 17.96 19.13 27.38 28.65 51.61 52.87 
